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Abstract		
Background:	The	uncinate	fasciculus	(UF)	is	the	largest	white	matter	association	tract	connecting	the	prefrontal	cortex	and	the	medial	temporal	lobe,	and	is	the	final	major	association	tract	to	mature	with	myelination	extending	into	the	third	decade	of	life.	The	UF	is	typically	described	as	having	a	temporal	stem,	a	body,	and	two	prefrontal	stems	extending	to	the	lateral	and	fronto-polar	prefrontal	cortex	respectively.	However,	there	is	increasing	evidence	of	fibers	extending	from	the	subgenual	cingulate	gyrus	(Brodmann’s	Area	25:	BA25)	to	the	amygdala,	along	the	expected	course	of	the	UF.	If	these	fibers	are	continuous	with	the	UF,	they	may	represent	a	separate	medial	subgenual	stem.	BA25	is	implicated	in	mood	disorder	pathophysiology,	whilst	the	lateral	prefrontal	cortex	is	implicated	in	the	negative	symptoms	of	psychosis.			
Hypotheses:	Given	that	the	UF	as	a	whole	has	reduced	integrity	in	both	mood	and	psychotic	disorders,	it	is	feasible	that	the	lateral	stem	of	the	UF	is	more	markedly	affected	in	psychosis	and	the	potential	subgenual	stem	more	markedly	affected	in	depression.	In	addition,	since	the	UF	matures	during	the	typical	clinical	onset	age	of	these	disorders,	we	hypothesize	that	such	changes	are	present	from	first	onset.		
Methods:	In	a	series	of	four	manuscripts	utilizing	diffusion	tensor	imaging	(DTI),	the	anatomy,	anatomical	variability,	and	stem-by-stem	microstructural	changes	in	depression	and	first-onset	psychosis	patients	were	investigated	within	the	UF.	
VII
The	use	of	a	stem-by-stem	analysis	within	the	UF	was	a	common	link	across	the	four	articles.		
Results:	A	subgenual	stem	of	the	UF	was	consistently	demonstrated.	Significantly	reduced	integrity	was	shown	in	the	subgenual	and	polar	stems	of	the	UF	in	depressed	patients	(in	both	the	first-onset	and	chronic	depression	cohorts),	and	in	the	lateral	and	polar	stems	in	first-onset	psychosis	patients.			
Conclusion:	We	have	demonstrated	anatomically	distinct	patterns	of	white	matter	changes	within	the	uncinate	fasciculus	in	mood	vs.	psychotic	disorders,	present	from	the	time	of	first	clinical	onset.		
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1.1 Beyond	neurotransmitters:	The	neural	network	hypothesis	Psychiatry	research	in	the	latter	half	of	the	20th	century	was	centered	on	chemical	theories	that	hypothesize	psychiatric	disease	is	a	result	of	an	imbalance	in	various	neurotransmitter	levels	in	the	brain.	These	theories,	such	as	the	monoamine	theory	of	depression	and	the	dopamine	theory	of	schizophrenia,	were	founded	on	the	incidental	discoveries	that	pharmacological	agents	that	alter	these	neurotransmitter	levels	partially	alleviated	symptoms	of	psychiatric	disease	(Coppen	1967;	Meltzer	and	Stahl	1976;	Castren	2005).	Whilst	these	hypotheses	were	a	major	leap	forward	on	earlier	cognitive	and	psychoanalytical	theories,	they	only	partially	explained	the	pathology	of	psychiatric	disease,	and	treatments	designed	around	these	theories	only	partially	improved	the	symptoms	(Castren	2005).		Over	the	last	two	decades,	as	extensive	research	has	yielded	insights	into	genetic,	developmental,	neurochemical,	pathological,	electrical	signaling,	and	imaging	changes	in	psychiatric	disease,	a	new	and	overarching	hypothesis	has	emerged	–	the	neural	network	hypothesis.	This	hypothesis	posits	that	psychiatric	diseases	result	from	abnormalities	in	communication	and	information	processing	within	specific	neural	networks	within	the	brain	(Castren	2005;	Hua	and	Smith	2004;	Gorman	et	al.	2000;	Preskorn	and	Drevets	2009).	This	theory	does	not	displace	the	chemical	theories	of	psychiatric	disease,	but	rather	incorporates	them	within	a	model	where	neurotransmitter	alterations	represent	one	piece	of	a	much	larger	puzzle.	The	neural	network	model	considers	abnormalities	in	genetics,	development,	electrical	signaling,	neuroanatomy,	network	structure,	white	matter	changes,	grey	matter	changes,	synaptic	signaling,	and	neurotransmitter	
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levels	as	all	being	integrated	components	of	this	puzzle	(E.	A.	Stone	et	al.	2008;	Braun	et	al.	2018;	Hulshoff	Pol	and	Bullmore	2013).		Through	the	use	of	advanced	dissection,	structural	neuroimaging,	and	functional	neuroimaging,	the	neuroanatomist	can	use	their	knowledge	and	expertise	to	guide	research	in	psychiatric	disease	within	the	neural	network	model.	
	
	
1.2 Role	of	white	matter	in	psychiatric	disease	The	grey	matter	–	in	particular	the	cerebral	cortex,	as	the	location	of	the	neuronal	cell	bodies	and	synapses,	has	always	been	given	greater	weighting	in	the	neuroanatomical	basis	of	psychiatric	pathology,	with	the	white	matter	deemed	merely	an	electrical	conduit	between	areas	of	diseased	cortex.	As	neurologists	delved	further	into	diseases	affecting	white	matter,	such	as	multiple	sclerosis,	tumours	centered	in	the	white	matter,	and	the	leukodystrophies,	the	correlation	between	fronto-temporal	white	matter	disruptions	and	psychiatric	disturbances	in	some	of	their	patients	became	increasingly	apparent	and	formed	part	of	a	new	group	of	clinical	syndromes	called	disconnection	syndromes	(Hyde	et	al.	1992;	Schmahmann	et	al.	2008;	Filley	1998;	Filley	et	al.	2003).	Diseases	that	predominantly	affect	the	white	matter	were	capable	of	producing	psychiatric	syndromes	despite	minimal	evidence	of	cortical	involvement,	likely	affecting	the	underlying	networks	through	impaired	signaling	and	altered	synaptic	activity.	This	is	in	keeping	with	the	neural	network	model,	where	all	components	can	contribute	to	the	function	or	dysfunction	of	a	network	in	an	integrated	fashion.		
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The	use	of	diffusion	tensor	imaging	(DTI),	a	form	of	magnetic	resonance	imaging	(MRI)	that	relies	on	the	tendency	of	water	molecules	to	travel	parallel	rather	than	perpendicular	to	the	long	axis	of	white	matter	axons,	has	provided	a	powerful	tool	for	non-invasive	in	vivo	assessment	of	white	matter	macro-	and	micro-structural	abnormalities	in	living	humans	(Basser	and	Pierpaoli	1996;	Schmahmann	et	al.	2008).	TI	studies	have	provided	a	wealth	of	evidence	demonstrating	abnormalities	in	white	matter	biomarkers	such	as	fractional	anisotropy	(FA)	and	mean	diffusivity	(MD)	in	psychiatric	patients.	Whilst	MD	is	a	measure	of	the	ease	of	water	movement	without	directional	information,	FA	is	an	index	between	0	and	1	that	measures	the	tendency	of	water	molecules	to	move	in	one	direction	(anisotropy	–	such	as	along	the	long	axis	of	a	large	white	matter	tract)	rather	than	equally	in	all	directions	in	an	unconstrained	manner	(isotropy	–	such	as	in	the	cerebro-spinal	fluid	spaces	where	FA	approaches	0).	The	diffusion	tensor	model	underlying	DTI	is	derived	using	the	mean	diffusivity	of	the	voxel	so	that	the	isotropic	and	anisotropic	parts	of	the	effective	diffusion	tensor	can	be	calculated.	The	mean	diffusivity,	<D>,	is	derived	using	the	following	equation,	where	λ1,	λ2,	and	λ3	represent	the	three	eigenvalues	(principal	diffusivities)	in	the	x,	y,	and	z	directions:	<D>	=	λ1	+	λ2	+	λ3/3.		Using	DTI,	white	matter	abnormalities	have	been	demonstrated	in	patients	with	schizophrenia	(Eisenberg	and	Berman	2010;	Samartzis	et	al.	2014;	Zhou	et	al.	2017;	Schaeffer	et	al.	2015;	Bopp	et	al.	2017;	Kunimatsu	et	al.	2012), depression	(Bracht	et	al.	2015;	Mincic	2015;	Korgaonkar	et	al.	2014;	LeWinn	et	al.	2014;	Vergani	et	al.	2016;	Von	Der	Heide	et	al.	2013),	anxiety	disorders	(Wang	et	al.	2016;	Mincic	2015),	and	psychopathy	(Wolf	et	al.	2015)	amongst	others.	
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Detractors	from	the	view	that	white	matter	plays	an	important	contribution	to	psychopathology	have	suggested	that	these	abnormalities	are	merely	a	byproduct	of	chronic	cortical	dysfunction	-	a	secondary	degenerative	process.	However,	this	opinion	has	been	largely	refuted	by	demonstrating	similar	white	matter	changes	in	patients	at	the	first	clinical	onset	of	their	disease,	and	even	prior	to	developing	clinical	symptoms	in	high-risk	populations.			For	example,	adolescents	with	first-episode	depression	demonstrate	reduced	FA	within	the	uncinate	fasciculus	(UF),	cingulum	bundle,	and	white	matter	adjacent	to	the	subgenual	cingulum	(LeWinn	et	al.	2014;	Bracht	et	al.	2015;	Cullen	et	al.	2010).	Patients	with	first-episode	psychosis	demonstrate	reduced	FA	involving	the	UF,	superior	longitudinal	fasciculus,	and	corpus	callosum	(Kyriakopoulos	and	Frangou	2009;	Wang	et	al.	2016;	Price	et	al.	2008;	Samartzis	et	al.	2014).	Furthermore,	patients	at	high	risk	of	developing	schizophrenia	show	FA	reduction	in	the	fronto-temporal	white	matter	prior	to	developing	positive	symptoms,	and	the	severity/pattern	of	reduction	correlates	with	future	symptom	development	(Dazzan	et	al.	2012;	Carletti	et	al.	2012).	These	findings	indicate	that	white	matter	alterations	are	present	from	early	in	the	course	of	these	diseases,	rather	than	representing	a	secondary	byproduct	of	chronic	degeneration.		
1.3 White	matter	tracts	connecting	the	frontal	and	temporal	lobes	The	four	major	white	matter	association	tracts	connecting	the	frontal	and	temporal	lobes	within	each	cerebral	hemisphere	are	the	uncinate	fasciculus	(UF),	cingulum	bundle,	arcuate	fasciculus,	and	extreme	capsule	(Schmahmann	et	al.	
5
2008;	Oishi	K	2011).	The	UF	and	cingulum	bundle	are	both	involved	in	communication	between	the	prefrontal	cortex	and	the	medial	temporal	lobe	structures	such	as	the	amygdala	and	hippocampus	(Schmahmann	et	al.	2008;	Ebeling	and	von	Cramon	1992;	Thiebaut	de	Schotten	et	al.	2012),	brain	structures	that	are	extensively	implicated	in	emotional	regulation	and	processing	emotionally-salient	stimuli	(amongst	other	functions)(Filley	1998;	Von	Der	Heide	et	al.	2013).	These	two	fiber	bundles	are	both	thought	to	play	significant	roles	in	psychiatric	disease	pathophysiology	(Kitis	et	al.	2012;	Vergani	et	al.	2016;	Von	Der	Heide	et	al.	2013;	Cullen	et	al.	2010;	Riva-Posse	et	al.	2017;	Riva-Posse	et	al.	2014;	Samartzis	et	al.	2014;	Serpa	et	al.	2017;	Singh	et	al.	2016;	Thiebaut	de	Schotten	et	al.	2012;	Schmahmann	et	al.	2008;	Mincic	2015;	Yang	et	al.	2014).	The	arcuate	fasciculus	and	extreme	capsule	on	the	other	hand	communicate	between	the	prefrontal	cortex	and	the	superior	temporal	gyrus	and	are	implicated	in	language	conduction	and	processing	of	auditory	stimuli	(Schmahmann	et	al.	2008;	Dick	and	Tremblay	2012;	Fridriksson	et	al.	2018);	as	such	they	are	less	often	implicated	in	psychiatric	disease,	though	they	may	play	a	role	in	auditory	hallucinations	(Geoffroy	et	al.	2014).		
1.4 Anatomy	and	function	of	the	uncinate	fasciculus	(UF)	The	UF	is	the	largest	white	matter	association	tract	between	the	frontal	and	temporal	lobes,	and	is	hook-shaped	in	morphology.	The	temporal	component	–	the	temporal	stem,	extends	to	the	anterior	temporal	pole,	entorhinal	cortex,	uncus,	and	basolateral	amygdala	(Ebeling	and	von	Cramon	1992;	Olson	et	al.	2015;	Von	Der	Heide	et	al.	2013;	Ghashghaei	et	al.	2007;	Thiebaut	de	Schotten	et	al.	2012).	The	fibers	extend	caudally	in	the	temporal	stem	and	hook	medially	and	
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dorsally	around	the	posterior	margin	of	the	insula	–	the	uncus	of	the	UF.	From	here	they	extend	rostrally	and	somewhat	medially	in	the	external	capsule	towards	the	subcaudate	white	matter	–	the	body	(Von	Der	Heide	et	al.	2013;	Ebeling	and	von	Cramon	1992).			Within	the	frontal	lobe,	the	literature	classically	describes	two	separating	prefrontal	stems.	A	polar	stem	extends	rostrally	towards	the	fronto-polar	cortex	and	medial	orbital	gyri,	and	a	lateral	stem	extends	laterally	to	the	lateral	prefrontal	cortex	–	see	Figure	1	below	(Olson	et	al.	2015;	Von	Der	Heide	et	al.	2013;	Thiebaut	de	Schotten	et	al.	2012).		
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Figure	1.	Anatomy	of	the	uncinate	fasciculus	
	
Three-dimensional	diffusion	tensor	tractography	of	the	right	uncinate	fasciculus	in	
a	healthy	control	adult	subject	viewed	in	the	axial	plane,	projected	over	an	axial	T1	
image.	The	uncus	of	the	tract	within	the	temporal	stem	and	hooking	around	the	
posterior	insula	is	demonstrated,	before	dividing	into	various	prefrontal	stems	
(demonstrated	lateral,	polar,	and	subgenual	stems).				The	UF	is	one	of	the	last	association	tracts	to	undergo	final	myelination	and	maturation,	with	this	process	extending	through	the	second	and	well	into	the	third	decade	of	life	(Simmonds	et	al.	2014;	Lebel	et	al.	2012;	Olson	et	al.	2015).	This	coincides	with	the	typical	age	of	onset	of	many	of	the	major	classes	of	psychiatric	disease	including	psychotic,	mood,	anxiety,	eating,	and	personality	
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disorders.	It	may	be	that	the	ongoing	process	of	maturation	at	this	age	renders	the	UF	vulnerable	to	abnormal	development	from	genetic	and	environmental	insults	whilst	it	is	pruning	and	refining	connections	to	the	prefrontal	cortex;	such	white	matter	abnormalities	occurring	in	the	same	age	group	that	psychiatric	diseases	typically	present	is	unlikely	to	be	purely	coincidental	(Paus	et	al.	2008).			The	functions	of	the	uncinate	fasciculus	are	numerous	and	varied	but	in	general	are	linked	with	episodic	memory,	reward/punishment	based	learning,	retrieval	of	proper	names	for	other	persons,	deriving	emotional	meaning,	and	processing	of	social	rewards	(Olson	et	al.	2015;	Von	Der	Heide	et	al.	2013;	Papagno	et	al.	2011;	Johnson	et	al.	2011).	Johnson	et	al.	(2011)	used	DTI	to	assess	the	UF	in	paediatric	traumatic	brain	injury	patients,	and	demonstrated	that	reduced	emotional	regulation	in	these	patients	was	correlated	with	reduced	FA.	Similarly,	behavioural-variant	fronto-temporal	dementia	patients	who	typically	exhibit	loss	of	emotional	regulation	and	social	inhibitions	also	demonstrate	reduced	FA	in	the	UF	that	correlates	with	their	symptoms	(Daianu	et	al.	2015).	The	UF	has	demonstrated	reduced	integrity,	as	measured	by	FA	and	MD,	in	a	variety	of	psychiatric	conditions	including	depression	(Bracht	et	al.	2015;	Choi	et	al.	2015;	Cullen	et	al.	2010;	Korgaonkar	et	al.	2014;	LeWinn	et	al.	2014),	anxiety	disorder	(Wang	et	al.	2016),	schizophrenia/first-episode	psychosis	(Bopp	et	al.	2017;	Kitis	et	al.	2012;	Kunimatsu	et	al.	2012;	Landin-Romero	et	al.	2017;	Price	et	al.	2008;	Samartzis	et	al.	2014;	Serpa	et	al.	2017;	Singh	et	al.	2016;	Zhou	et	al.	2017),	and	psychopathy	(R.	C.	Wolf	et	al.	2015).			
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1.5 Brodmann	Area	25	(BA25)	in	depression	Brodmann	Area	25	(BA25),	also	termed	the	subgenual	cingulate	gyrus,	is	a	region	of	the	prefrontal	cerebral	cortex	heavily	implicated	in	depression	pathophysiology	(Mayberg	et	al.	1999).	It	lies	on	the	medial	surface	of	the	frontal	lobe,	forming	that	part	of	the	cingulate	cortex	that	is	ventral	to	the	genu	and	rostrum	of	the	corpus	callosum	(Vergani	et	al.	2016;	Drevets	et	al.	2008).	BA25	is	hyperactive	on	resting	fluoro-deoxy-glucose	[18F]	positron	emission	tomography	(PET)	imaging	in	patients	with	depression,	a	finding	that	reverses	following	successful	treatment	with	anti-depressant	medication,	electro-convulsive	therapy,	or	cognitive-behavioural	therapy	(Mayberg	et	al.	1999;	Goldapple	et	al.	2004;	Mayberg	et	al.	2000;	Nobler	et	al.	2001).	This	hyperactivity	was	also	demonstrated	in	non-depressed	healthy	controls	during	an	induced	state	of	sadness	achieved	using	an	autobiographical	narrative	of	a	sad	event	from	the	life	of	the	subject	using	[15O]	water	PET	imaging	(Mayberg	et	al.	1999).			In	addition,	BA25	has	extensive	white	matter	connections	to	other	cortical	and	subcortical	sites	implicated	in	depression	pathophysiology	including	the	amygdala,	nucleus	accumbens,	hypothalamus,	medial	orbital	gyri	and	fronto-polar	cortex	(Drevets	et	al.	2008;	Vergani	et	al.	2016;	Johansen-Berg	et	al.	2008;	Freedman	et	al.	2000).	As	a	result,	BA25	is	thought	to	reflect	a	critical	central	node	in	depression	pathophysiology	that	can	modulate	the	activity	of	multiple	other	important	targets	through	its	white	matter	connections	(Mayberg	et	al.	2005;	Barbas	et	al.	2003).			
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1.6 Deep	brain	stimulation	(DBS)	of	BA25	in	depression:	The	role	of	white	
matter	in	treatment	response	With	increasing	evidence	implicating	it	in	depression	pathophysiology,	BA25	has	been	tested	in	depressed	patients	as	a	target	for	deep	brain	stimulation	(DBS)	–	a	technique	where	electrodes	are	inserted	into	regions	of	the	brain	for	chronic	stimulation	as	a	method	of	reversible	neuromodulation.	Originally	undertaken	by	Mayberg	et	al.	(2005)	in	6	patients	with	treatment-resistant	depression	with	placement	of	electrodes	at	the	grey-white	matter	junction	of	BA25	bilaterally,	multiple	trials	have	now	been	published	using	the	same	protocol	and	showing	a	50-60%	response	rate	and	30-40%	remission	rate	at	6	months	(Mayberg	et	al.	2005;	Lozano	et	al.	2008;	Holtzheimer	et	al.	2012;	Riva-Posse	et	al.	2017).	However,	a	recent	double-blind	sham-controlled	trial	of	90	patients	who	underwent	6	months	of	true	stimulation	(n=60)	or	sham	stimulation	(n=30)	after	implantation	showed	no	significant	early	difference	between	the	groups	at	the	end	of	the	6	month	sham-stimulation	period.	This	study	is	still	ongoing	and	long-term	data	will	be	published	within	the	next	2	years	(Holtzheimer	et	al.	2017)	–	previous	studies	have	required	up	to	2	years	before	treatment	response	was	seen	in	some	patients	from	what	is	presumed	to	be	delayed	changes	of	neuroplasticity	(Crowell	et	al.	2015).			One	of	the	major	determinants	of	treatment	response	to	DBS	of	BA25	for	depression	appears	to	be	the	anatomical	distribution	of	underlying	white	matter	tracts	stimulated	by	the	electrodes,	that	is	in	part	affected	by	inter-individual	variability	in	the	exact	location	of	these	tracts	(Bhatia	et	al.	2012;	Johansen-Berg	et	al.	2008;	Gutman	et	al.	2009;	Vergani	et	al.	2016).	Johansen-Berg	et	al.	(2008)	
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undertook	a	study	using	DTI,	where	the	DBS	implantation	sites	of	responders	and	non-responders	were	co-registered	with	healthy	control	DTI	sequences.	They	determined	that	the	implantation	sites	of	responders	resulted	in	stimulation	of	the	cingulum	bundle,	as	well	as	fibers	to	the	amygdala,	orbitofrontal	cortex,	and	hypothalamus.	Non-responders	stimulated	tracts	arising	from	the	perigenual	(Brodmann’s	area	32)	rather	than	subgenual	cortex	and	did	not	consistently	stimulate	the	same	tracts	as	the	responders	(Johansen-Berg	et	al.	2008).			In	our	prior	published	research	using	DTI	to	identify	crossover	points	of	major	frontal	white	matter	association	tracts	that	may	be	of	relevance	to	BA25	stimulation,	we	found	that	central	crossover	points	of	key	tracts	may	be	significantly	removed	from	the	grey-white	matter	junction	of	BA25,	and	that	there	was	significant	inter-individual	variability	in	this	location	(Bhatia	et	al.	2012).	Based	on	these	findings	we	recommended	trialing	pre-operative	DTI	to	identify	key	tracts	that	may	determine	response	to	DBS.	Riva-Posse	et	al.	(2014)	undertook	pre-operative	DTI	in	16	patients	about	to	undergo	BA25	DBS	for	depression,	with	post-procedure	computed	tomography	(CT)	imaging	to	localize	the	electrodes	and	subsequent	fusion	of	the	two	studies.	They	demonstrated	that	the	activation	volume	in	responders	consistently	incorporated	fibers	extending	to	the	medial	frontal	cortex	via	forceps	minor	and	the	uncinate	fasciculus,	cingulate	cortex	via	the	cingulum	bundle,	and	subcortical	nuclei	via	short	cortico-striatal	fibers.	Non-responders	did	not	consistently	incorporate	these	fibers	in	their	activation	volumes	(Riva-Posse	et	al.	2014).	This	lead	to	a	new	approach	to	DBS	target	selection	where	pre-operative	DTI	aids	in	finding	a	target	
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that	affects	four	important	white-matter	tracts	in	an	individualized	connectotome	approach	(as	well	as	stimulating	the	cortex	of	BA25)	–	uncinate	fasciculus,	forceps	minor,	cingulum	bundle,	and	fronto-striatal	fibers	(Riva-Posse	et	al.	2017).	Using	individualized	DTI-based	target	selection	in	11	patients	with	treatment-resistant	depression,	9	of	11	(81.8%)	patients	demonstrated	a	significant	treatment	response	to	DBS	of	BA25	at	1	year,	of	which	6	were	in	remission.	This	was	an	improvement	on	earlier	results	albeit	in	small	numbers	(Riva-Posse	et	al.	2017).			Choi	et	al.	(2015)	undertook	a	study	of	9	patients	who	underwent	pre-operative	DTI,	and	assessed	for	the	presence	or	absence	of	on-table	behavioural	changes	to	individual	contact	stimulation	(four	separate	contacts	on	each	electrode)	–	where	the	so	called	depression	‘switch’	was	triggered	resulting	in	on-table	symptomatic	improvement	with	behavioural	changes	such	as	increased	heart	rate	in	keeping	with	appropriate	autonomic	responses.	They	found	that	those	contacts	that	triggered	the	depression	‘switch’	were	in	locations	consistently	stimulating	three	white	matter	tracts:	cingulum	bundle,	forceps	minor,	and	the	uncinate	fasciculus	(Choi	et	al.	2015).	Suboptimal	response	contacts	tended	to	only	stimulate	the	cingulum	bundle,	resulting	in	lesser	responses	(Choi	et	al.	2015).	The	findings	of	Johansen-Berg	et	al.	(2008),	Riva-Posse	et	al.	(2014,	2017)	and	Choi	et	al.	(2015)	support	the	hypothesis	that	stimulation	of	relevant	white	matter	tracts	deep	to	BA25	is	critical	to	treatment	response	–	in	particular	the	uncinate	fasciculus,	forceps	minor,	and	cingulum	bundle.				
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1.7 Fibers	from	BA25	to	the	amygdala:	Is	there	a	subgenual	stem	of	the	UF?	Multiple	studies	have	demonstrated	the	presence	of	subcaudate	white	matter	fibers	extending	from	BA25	to	the	amygdala	in	humans	using	diffusion	tensor	imaging	(Johansen-Berg	et	al.	2008;	Bhatia	et	al.	2012;	Cullen	et	al.	2010;	Riva-Posse	et	al.	2014;	Houenou	et	al.	2007),	post-mortem	dissection	(Ebeling	and	von	Cramon	1992),	or	both	(Vergani	et	al.	2016).	Similar	fibers	have	been	described	in	non-human	primates	(Chiba	et	al.	2001)	and	rodents	(Vertes	2004).	Common	features	amongst	the	human	studies	are	the	description	of	white	matter	fibers	running	deep	to	the	cortex	of	BA25	and	the	adjacent	medial	orbital	gyri,	extending	caudally,	laterally,	and	ventrally	in	the	subcaudate	white	matter	towards	the	external	capsule	before	curving	in	a	hook-like	fashion	around	the	posterior	margin	of	the	Sylvian	fissure	to	form	the	medial	aspect	of	the	temporal	stem	(Houenou	et	al.	2007;	Vergani	et	al.	2016;	Johansen-Berg	et	al.	2008;	Ebeling	and	von	Cramon	1992).		From	here	the	fibers	extend	towards	the	amygdala/mesial	temporal	cortex.		
	From	this	description	of	the	course	of	the	fibers,	many	similarities	are	drawn	with	the	known	anatomical	course	of	the	uncinate	fasciculus	–	in	particular	the	subcaudate/external	capsule	course	and	hook-like	curve	around	the	posterior	insula/Sylvian	fissure.	Houenou	et	al.	(2007),	who	seeded	BA25	using	DTI	and	demonstrated	these	subgenual-amygdaloid	fibers,	hypothesized	that	these	fibers	may	represent	fibers	of	the	uncinate	fasciculus.	Vergani	et	al.	(2016),	who	demonstrated	these	fibers	both	via	post-mortem	dissection	of	five	brains	and	using	DTI	in	22	healthy	control	adults	with	seeding	of	BA25,	also	proposed	that	these	fibers	were	part	of	the	uncinate	fasciculus.	Their	basis	for	this	proposal	
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appears	to	have	been	that	the	fibers	ran	along	the	same	course	as	the	uncinate	fasciculus,	but	they	did	not	elaborate	upon	this	(Vergani	et	al.	2016).			A	post-mortem	dissection	study	of	ten	human	hemispheres	by	Ebeling	and	von	Cramon	(1992)	was	undertaken	to	assess	the	morphology	of	the	uncinate	fasciculus	and	adjacent	fibers	of	the	temporal	stem;	they	demonstrated	that	the	most	medial	fibers	originating	from	the	uncinate	fasciculus	extended	to	the	subgenual	cingulate	gyrus	(BA25)	and	medial	orbital	gyri.	This	study	has	been	unfortunately	largely	ignored	in	the	more	recent	literature,	but	likely	provides	the	strongest	evidence	thus	far	not	only	of	the	presence	of	these	fibers,	but	also	that	they	likely	originate	from	the	uncinate	fasciculus	(Ebeling	and	von	Cramon	1992).	The	strength	of	this	evidence	is	founded	firstly	on	the	dissection-based	nature	of	the	study	which	provides	direct	visualization	rather	than	the	indirect	assessment	of	DTI	studies,	and	secondly	on	the	methodology	of	the	study	which	begins	by	dissecting	the	UF	body	and	then	following	the	fibers	distally.	This	is	in	contrast	to	the	remaining	studies	described	above	in	which	BA25	was	seeded	using	DTI	or	dissected	by	removal	of	the	BA25	cortex,	and	then	following	the	fibers	backwards.	This	retrograde	approach	allows	the	researcher	to	only	visualize	those	specific	fibers	extending	to	BA25	and	not	the	UF	as	a	whole;	as	such	the	hypotheses	of	these	studies	are	based	predominantly	on	proximity	to	the	known	course	of	the	UF.		From	these	studies	it	is	clear	that	there	is	strong	evidence	that	subcaudate	fibers	from	BA25	to	the	amygdala	travelling	via	the	temporal	stem	exist	in	humans,	and	moderate	evidence	(in	small	sample	sizes)	to	support	a	hypothesis	that	these	
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fibers	originate	from	and	are	part	of	the	UF.	The	reproduction	of	these	results	in	larger	sample	sizes	would	provide	greater	evidence	to	support	this	hypothesis;	unfortunately	the	limited	supply	of	post-mortem	brains	makes	further	testing	of	this	hypothesis	difficult	via	a	post-mortem	dissection	study	and	the	non-invasive	use	of	DTI	in	living	humans	is	the	most	logical	approach.			Elucidating	the	anatomical	nature	and	morphology	of	these	fibers	is	relevant	to	our	understanding	of	depression	pathophysiology	and	treatment	response	to	DBS	for	depression.	Multiple	studies	have	demonstrated	that	these	fibers	from	BA25	to	the	amygdala,	posited	by	some	to	be	part	of	the	UF,	are	a	key	white	matter	tract	stimulated	in	responders	to	DBS	and	not	consistently	stimulated	in	non-responders	(Johansen-Berg	et	al.	2008;	Riva-Posse	et	al.	2017;	Riva-Posse	et	al.	2014;	Choi	et	al.	2015;	Gutman	et	al.	2009).	In	addition,	it	is	likely	that	previous	ablative	procedures	for	depression	such	as	subcaudate	tractotomy	would	have	involved	these	fibers	(amongst	others)	(Yang	et	al.	2014;	Yang	et	al.	2015;	Bourne	et	al.	2013;	Bridges	et	al.	1994).	The	communication	of	these	fibers	between	two	key	structures	in	depression	pathophysiology	(BA25	and	the	amygdala)	renders	them	potentially	part	of	an	important	mood	regulation	circuit,	especially	given	that	the	UF	is	known	to	play	a	key	role	in	emotional	regulation	via	prefrontal	cortical	inhibition	of	the	amygdala	(Olson	et	al.	2015;	Von	Der	Heide	et	al.	2013).		
1.8 The	lateral	prefrontal	cortex	in	psychosis	Whilst	BA25	and	the	remainder	of	the	ventro-medial	prefrontal	cortex	have	been	implicated	in	mood	disorders,	the	lateral	prefrontal	cortex	has	been	implicated	
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in	psychotic	disorders;	in	particular,	in	the	negative	symptoms,	thought	disorder,	and	executive	dysfunction	seen	in	psychosis	(Glahn	et	al.	2005;	Potkin	et	al.	2009;	Shi	et	al.	2014;	Szabo	et	al.	2017;	Vai	et	al.	2015;	Volpe	et	al.	2012).	The	lateral	prefrontal	cortex	consists	of	the	dorso-lateral	and	ventro-lateral	prefrontal	cortices	(DLPFC	and	VLPFC).	The	DLPFC	consists	mainly	of	the	middle	frontal	gyrus	(Brodmann’s	Areas	9	and	46)	and	the	VLPFC	consists	of	the	inferior	frontal	gyrus	and	the	lateral	orbital	gyri	(Areas	11,	44,	45,	and	47).			The	DLPFC	is	concerned	with	executive	functioning,	in	particular	working	memory,	attention,	planning,	and	motivation	(Eisenberg	and	Berman	2010;	Szczepanski	and	Knight	2014;	Manes	et	al.	2002;	Burgess	2000).	Patients	with	schizophrenia	have	reduced	DLPFC	cortical	volumes	(Giuliani	et	al.	2005;	Fornito	et	al.	2009;	Volpe	et	al.	2012)	and	reduced	DLPFC	metabolic	activity	that	correlates	with	the	severity	of	their	negative	symptoms	–	referred	to	as	hypofrontality	(Wolkin	et	al.	1992;	Glahn	et	al.	2005;	Potkin	et	al.	2009;	D.	H.	Wolf	et	al.	2015).			The	VLPFC	is	concerned	with	emotional	regulation	and	response	inhibition	(Szczepanski	and	Knight	2014;	Floden	et	al.	2008;	J.	J.	Stone	et	al.	2011;	Noonan	et	al.	2010;	Kohn	et	al.	2014).	The	VLPFC	also	shows	hypometabolism	in	schizophrenia	(van	der	Meer	et	al.	2014)	and	in	patients	at	ultra-high	risk	of	psychosis	(van	der	Velde	et	al.	2015).	Loss	of	connectivity	between	the	VLPFC	and	temporal	lobe	cortex	correlates	with	the	degree	of	emotional	dysregulation	in	schizophrenic	patients	(Yin	et	al.	2015).			
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Both	the	DLPFC	and	VLPFC	communicate	with	the	amygdala	via	the	lateral	stem	of	the	UF	(Von	Der	Heide	et	al.	2013;	Olson	et	al.	2015),	and	the	UF	has	reduced	integrity	in	patients	with	schizophrenia	(Bopp	et	al.	2017;	Kitis	et	al.	2012;	Kunimatsu	et	al.	2012).	No	specific	stem-based	analysis	of	the	lateral	UF	stem	is	published	in	the	literature	to	assess	whether	this	stem	(extending	to	those	regions	of	the	cortex	implicated	in	schizophrenia	pathophysiology)	is	more	significantly	affected	than	the	other	UF	stem(s)	in	psychosis	patients.		
1.9 The	mood-psychotic	disorder	spectrum	Whilst	mood	and	psychotic	disorders	are	often	described	in	separate	categories,	this	construct	is	likely	purely	theoretical.	There	are	large	subgroups	of	patients	who	demonstrate	features	of	both	sets	of	disorders	and	are	often	diagnosed	as	having	depression	with	psychotic	features	or	schizoaffective	disorder.	It	is	likely	that	there	is	a	continuum	or	spectrum	of	pathology	between	mood	and	psychotic	disorders	(Lake	and	Hurwitz	2007;	Peralta	and	Cuesta	2008;	Correll	2011).	Though	BA25	has	been	implicated	in	mood	disorders	and	the	lateral	prefrontal	cortex	implicated	in	psychotic	disorders,	patients	with	mixed	features	likely	have	involvement	of	both	areas.				Dazzan	et	al.	(2012)	undertook	cortical	volume	assessment	in	patients	at	ultra-high	risk	of	psychosis	and	then	followed	their	clinical	outcome;	they	found	that	patents	who	went	on	to	develop	affective	psychoses	(i.e.	depression	with	psychotic	features	and	schizoaffective	disorder)	had	reduced	cortical	volumes	both	in	BA25	and	the	lateral	prefrontal	cortex.	In	contrast,	patients	who	went	on	to	develop	schizophrenia	without	significant	affective	features	did	not	have	
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reduced	volumes	in	BA25	(Dazzan	et	al.	2012).	Multiple	studies	have	demonstrated	cortical	volume	reductions	in	both	the	ventro-medial	prefrontal	cortex/BA25	and	the	lateral	prefrontal	cortex	amongst	patients	with	schizoaffective	disorder,	in	what	appears	to	be	a	more	global	pattern	of	prefrontal	cortex	involvement	(Amann	et	al.	2016;	Landin-Romero	et	al.	2017;	Padmanabhan	et	al.	2015).		Therefore,	any	investigation	assessing	for	localized	prefrontal	changes	related	to	either	mood	or	psychotic	disorders	must	take	account	of	this	potential	spectrum	of	mixed-feature	patients,	by	either	excluding	them	or	including	them	within	a	separate	group.			
1.10 A	stem-by-stem	approach	to	DTI	analysis	The	UF	has	fibers	extending	to	various	and	widespread	regions	of	the	prefrontal	cortex	via	its	lateral,	polar,	and	possibly	subgenual	stems.	These	cortical	regions	have	markedly	differing	functions	(as	described	in	detail	above)	such	as	BA25	in	mood	regulation,	fronto-polar	cortex	in	decision-making	and	long-term	plan	execution,	and	the	DLPFC	in	executive	functioning.	Cortical	volume	changes	and	reduced	metabolism	have	been	demonstrated	in	mood	(BA25)	and	psychotic	(DLPFC,	VLPFC)	disorders	involving	these	differing	cortical	regions.	By	extension,	it	is	possible	components/stems	of	the	UF	extending	to	these	separate	cortical	targets	could	also	have	different	levels	of	integrity	across	the	various	psychiatric	conditions.	Given	that	the	UF	is	undergoing	maturation	and	final	myelination	during	the	same	age	period	that	mood	and	psychotic	disorders	first	present,	it	is	possible	that	such	changes	in	integrity	may	exist	at	the	first	clinical	
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onset	of	the	condition	(rather	than	being	a	chronic,	secondary	byproduct).	In	addition,	given	the	potentially	important	role	of	fibers	between	BA25	and	the	amygdala	in	depression	pathophysiology	and	treatment	response	to	DBS,	further	assessment	using	larger	sample	sizes	is	required	to	assess	whether	or	not	these	fibers	are	a	component/stem	of	the	UF.			No	specific	stem-by-stem	analysis	of	the	different	components	of	the	UF	has	been	previously	published	in	the	peer-reviewed	literature.	In	taking	such	an	approach,	this	thesis	analyzes	anatomically	distinct	alterations	in	the	UF	in	mood	and	psychotic	disorders.		
1.11 Hypotheses	In	the	following	four	chapters,	four	articles	published	in	the	peer-reviewed	literature	are	presented	in	which	I	test	the	following	five	hypotheses:		
i) That	there	is	a	medial,	subgenual	stem	of	the	uncinate	fasciculus	communicating	between	the	subgenual	cingulate	gyrus	and	the	amygdala	–	Chapter	2.	
ii) That	there	is	extensive	inter-individual	variability	in	the	exact	location	of	the	uncinate	fasciculus	stems,	with	the	potential	to	affect	neurosurgical	targeting	for	deep	brain	stimulation	–	Chapter	3.	
iii) That	there	is	reduced	integrity	in	the	subgenual	stem	of	the	uncinate	fasciculus	in	patients	with	depression,	with	relative	sparing	of	the	
lateral	stem		-	Chapter	4.	
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iv) That	there	is	reduced	integrity	in	the	lateral	stem	of	the	uncinate	fasciculus	in	patients	with	psychosis,	with	relative	sparing	of	the	
subgenual	stem	–	Chapter	5.	
v) That	reduced	integrity	in	the	uncinate	fasciculus	is	present	from	early	in	the	clinical	course	of	mood	and	psychotic	disorders	–	Chapters	4	
and	5.	
	
1.12 Integrated	themes	across	the	publications	There	are	seven	integrated	themes	that	link	the	four	publications	presented	in	this	thesis	into	a	common	body	of	research.		First,	the	uncinate	fasciculus	(UF)	is	the	common	anatomical	structure	assessed	across	all	four	publications.	Second,	the	use	of	a	stem-by-stem	analysis	forms	a	common	methodology.	Third,	diffusion	tensor	imaging	(DTI)	is	the	common	investigative	tool.	Fourth,	the	role	of	the	white	matter	both	in	normal	function	and	in	psychiatric	disease	is	a	central	theme	across	all	four	articles.	Fifth,	anatomical	localization	as	a	basis	for	normal	function	and	dysfunction	in	psychiatric	disease	is	an	underlying	principle	in	all	four	studies.	Sixth,	acceptance	of,	and	the	detailed	study	into,	the	inter-individual	variations	that	exist	between	all	humans	is	a	common	theme.	Seventh,	ultimately	a	key	principle	is	that	there	is	a	structural	and	anatomical	basis	for	psychiatric	disease	that	can	be	assessed	and	described	in	the	same	way	that	neurological	disease	is	studied.		
	
1.13 Ethics,	funding,	and	conflicts	of	interest	Ethics	approval	for	these	studies	was	granted	by	the	Human	Research	Ethics	Committee	of	St	Vincent’s	Hospital,	Darlinghurst,	NSW	–	HREC	Reference	
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Number	LNR/13/SVH/134;	this	approval	was	recognized	by	the	University	of	Sydney	Human	Research	Ethics	Committee.	All	procedures	were	undertaken	with	the	informed,	written	consent	of	the	participants	and	were	performed	in	accordance	with	the	principles	of	the	Declaration	of	Helsinki.	
	No	specific	funding	was	required	for	these	studies.	The	initial	acquisition	of	the	control	group	imaging	was	undertaken	via	funding	to	Associate	Professor	Luke	Henderson’s	research	laboratory	by	the	NHMRC	and	University	of	Sydney.		I	have	no	conflicts	of	interest	to	report.	
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Abstract
The uncinate fasciculus is the largest white matter associa-
tion tract connecting the prefrontal cortex and the antero-
medial temporal lobe. The traditional anatomical descrip-
tion outlines a temporal stem that hooks around the 
posterior insula, a subinsular body, and 2 prefrontal stems 
extending to the lateral orbital gyri and the frontopolar cor-
tex. Recent imaging studies of the white matter tracts deep 
to the subgenual cingulate gyrus (Brodmann area 25: BA25) 
suggest the presence of white matter fibers extending from 
BA25 to the amygdala, via a route that would run in close 
proximity to the uncinate fasciculus, that are of functional 
importance in mood disorders. We hypothesized that these 
fibers represent a third, medial prefrontal stem of the unci-
nate fasciculus. Using diffusion tensor imaging in 74 healthy 
volunteer humans, we seeded the uncinate fasciculus using 
2 regions of interest centered over the temporal stem and 
the caudal body of the uncinate fasciculus in the coronal 
plane at the level of the anterior commissure. A medial pre-
frontal stem extending to the subgenual cingulate gyrus was 
demonstrated in 65/74 left and 70/74 right cerebral hemi-
spheres, and had a mean fractional anisotropy value of 0.43 
(95% CI 0.40–0.47). The medial subgenual stem fibers were 
inseparable from the caudal body and temporal stem of the 
main uncinate fasciculus and followed the same hook-
shaped morphology. A probable medial subgenual prefron-
tal stem of the uncinate fasciculus was demonstrated in a 
cohort of healthy volunteers and is of potential significance 
in our understanding of neuropsychiatry and mood disor-
ders. © 2018 S. Karger AG, Basel
Introduction
Background
The uncinate fasciculus (UF) is the largest white mat-
ter association tract connecting the prefrontal cortex with 
the anteromedial temporal lobe [1]. Functionally, the UF 
is considered key in the prefrontal inhibition of the me-
sial temporal lobe structures [2–5]. Numerous studies 
have demonstrated reduced connectivity in the UF across 
a range of neuropsychiatric conditions including mood 
disorders [6, 7], anxiety disorders [8], psychotic disorders 
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[9], antisocial personality disorder/psychopathy [10], and 
in the frontotemporal dementias [11]. In addition, the UF 
is one of the last association tracts to completely mature, 
with final myelination extending from the second and 
late into the third decade of life [4], corresponding to the 
age of onset of many of the implicated psychiatric condi-
tions.
Anatomy of the UF
Structurally, the UF has a hook-shaped morphology 
that curves around the posterior insula within the tempo-
ral stem [1, 5, 12]. The temporal component connects 
with the uncus, anterior temporal pole, and basolateral 
amygdala [13], and extends posteriorly/caudally prior to 
the U-shaped hook. From here the tract runs medially to 
the insula and ventrally/inferiorly to the head of the cau-
date nucleus (a location that would have likely been tar-
geted in the once performed subcaudate tractotomy) – 
see Figure 1a [1, 14]. Upon arrival in the prefrontal re-
gion, the traditional description has been a division into 
2 prefrontal stems, extending to the lateral orbital gyri 
and the frontopolar cortex, respectively [15]. 
White Matter Tracts Deep to the Subgenual Cingulate 
Gyrus
Recent interest in the subgenual cingulate gyrus (Brod-
mann area 25: BA25) as a deep brain stimulation (DBS) 
target for depression has triggered a wealth of neuroimag-
ing research based on the hypothesis that BA25 and the 
white matter underlying it may represent a key central 
node of corticolimbic communication that underlies the 
pathophysiology of depression [16–23]. This hypothesis 
has been supported by studies demonstrating increased 
cortical blood flow in BA25 in depressed patients (which 
was reduced with antidepressant treatment) [24, 25], re-
duced connectivity in the cingulum bundle connecting to 
BA25 in depressed patients [20, 26], and a moderate re-
sponse rate to DBS for previously treatment-resistant pa-
tients [16–18]. Johansen-Berg et al. [21] demonstrated 
that the white matter connections that were likely acti-
vated in DBS responders differed in location and distri-
bution to those in nonresponders, with the responder 
group activating (amongst others) white matter fibers ex-
tending from BA25 towards the amygdala and anterior 
temporal pole. The presence of these fibers was also con-
firmed by our prior published work on target selection for 
Subgenual
cingulate
gyrus
Subinsular
white
matter
Insula
Medial
temporal
lobe
a b
Fig. 1. a Anatomical structures: coronal T1-weighted anatomical 
image demonstrating the important anatomical structures sur-
rounding the uncinate fasciculus including the medial temporal 
lobe, insula, and subgenual cingulate gyrus. b Regions of interest 
(ROIs): 2 customized ovoid coronal plane ROIs used to seed the 
uncinate fasciculus overlaid onto an individual subject’s coronal 
T1-weighted anatomical image. One temporal ROI (blue shading) 
was placed over the left temporal lobe white matter stem, and a 
second subcaudate ROI (red shading) was placed over the subcau-
date white matter.
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DBS using diffusion tensor imaging (DTI) [27]. By ana-
tomical necessity, these fibers would run in close proxim-
ity to the subinsular/subcaudate body of the UF and 
would also curve in a hook-shaped manner around the 
posterior insula to reach the mesial temporal structures. 
Hypothesis
Based on the anatomical proximity of these fibers to 
the UF as well as the demonstrated reduced connectivity 
of the UF in depressed patients [6, 7, 27], we hypothesize 
that these fibers are in fact a medial/subgenual prefrontal 
stem of the UF, and that there are 3 rather than 2 prefron-
tal stems of the UF. We have tested this hypothesis using 
DTI, a noninvasive indirect method of imaging white 
matter fibers with magnetic resonance imaging (MRI) 
founded on the tendency of water molecules to diffuse 
parallel rather than perpendicularly to the long axis of 
white matter tracts. 
Materials and Methods
Ethics
Ethics approval was received for this research from the Human 
Research Ethics Committees of St. Vincent’s Hospital, Sydney, and 
the University of Sydney, and was performed in accordance with 
the principles of the Declaration of Helsinki. All imaging acquisi-
tion was undertaken with the understanding and written consent 
of the volunteer subjects. 
Recruitment
Seventy-four nondepressed adult volunteers (ages 18–78) were 
recruited by the Department of Anatomy, University of Sydney, to 
form a bank of control subjects for a variety of future MRI studies. 
Volunteers were screened for symptoms of depression using the 
Beck Depression Inventory 2nd edition (BDI-II), a 21-question 
self-reporting inventory first described in 1961 and updated in 
1996 that has been shown to be a valid and reliable tool for the as-
sessment of depression severity [28, 29]. Using this scoring system, 
a score of >13 is consistent with depression; all of our recruited 
volunteers had a BDI-II score of ˯13. In addition, volunteers were 
excluded from the study if they self-reported with a screening 
questionnaire any history of a major psychiatric disorder, neuro-
degenerative disorder, or major prior neurological injury.
MRI Acquisition
All volunteers underwent MRI of the brain using a 3-tesla MRI 
scanner (Philips, Acheiva). Volunteers lay supine within the scan-
ner with their head immobilized in a head coil. High-resolution 
3-dimensional T1-weighted anatomical image sets were acquired 
(TE = 2.5 ms, TR = 5,600 ms, flip angle = 8°, voxel size = 0.8 × 0.8 
× 0.8 mm). T2-weighted image sets were then acquired (TE = 100 
ms, TR = 3,000 ms, voxel size = 2 × 2 × 2.5 mm). DTI data were 
acquired with a whole-brain single-shot echo-planar pulse se-
quence (TR = 8,788 ms, flip angle = 90°, 112 × 112 matrix size, 224 
× 224 mm FOV, 2.5 mm slice thickness, 55 axial slices) with 4 im-
age sets collected for each subject. For each slice, diffusion gradi-
ents were applied along 32 independent orientations with b = 1,000 
s/mm2 after the acquisition of the b = 0 s/mm2 images. 
Image Processing
Images were skull-stripped and coregistered using FSL Version 
4.1 Diffusion Toolbox (Functional Magnetic Resonance Imaging 
of the Brain Centre, John Radcliffe Hospital, University of Oxford, 
Oxford, UK, 2008), and tractography was performed using Diffu-
sion Toolkit Version 0.6 (Wang R, Wedeen VJ, Massachusetts 
General Hospital, 2010). Image analysis was undertaken using 
TrackVis Version 0.6.0.1 (Wang R, Wedeen VJ, Massachusetts 
General Hospital, 2015). 
Region of Interest Selection
Using fused T1-weighted and DTI tractography sequences, 2 
customized ovoid regions of interest (ROIs) were created in the 
coronal plane (on a single coronal slice) for each cerebral hemi-
sphere at the level of the anterior commissure as seen on a midline 
sagittal slice (Fig. 1b). The temporal ROI (ovoid 16 mm x-axis, 12.5 
mm z-axis) was placed over the white matter temporal stem as it 
extended caudally (posteriorly) towards the caudal margin of the 
insula, whilst the subcaudate ROI (ovoid 24 mm x-axis, 10 mm z-
axis) was placed over the white matter ventrally (inferiorly) to the 
caudate head with wide medial and lateral extensions to the me-
dial cortex and the claustrum, respectively. These large ROIs were 
created to ensure complete capture of all fibers related to the UF, 
which is the only major association tract that would cross both of 
these locations, with an “and” algorithm used to include only fibers 
that crossed both ROIs. The placement of a subcaudate ROI in 
such a caudal/posterior location differs with many prior studies 
(which selected subcaudate fibers more rostrally) because we 
wished to ensure inclusion of any potential medial fibers to the 
subgenual cingulate gyrus that would likely exit the main body of 
the tract more caudally than the frontopolar or lateral orbital gyrus 
fibers. A length filter requiring a minimum tract length of 20 mm 
was applied, to aid exclusion of artificial tracts from the analysis.
ROI Seeding and Tract Analysis
These ROIs were applied in a standardized fashion to the imag-
ing of all volunteers in both hemispheres, and the corresponding 
white matter tracts were subsequently seeded and analyzed in 3 di-
mensions. Each hemisphere was assessed to ensure that the UF was 
clearly demonstrated, that the inferior occipitofrontal fasciculus had 
been reliably excluded, and that there was no significant susceptibil-
ity artifact in these regions that would obscure analysis. From here 
the UFs were assessed for the presence or absence of a temporal 
stem, subinsular body, medial subgenual stem, frontopolar stem, 
and lateral orbital gyrus stem. After initial analysis of the first 10 sets 
of imaging, a variant of the medial subgenual stem was demonstrat-
ed and then assessed for in all image sets, which extended ventrally 
from the main UF body towards the medial orbital gyri, caudal to 
the other frontal stems. For the purposes of data collection and anal-
ysis, the various stems were labeled temporal, subgenual, medial or-
bital (variant), frontopolar, and lateral orbital, respectively. 
Subgenual and Medial Orbital Stem Definition
The definition of the subgenual stem for this study was a set of 
fibers running medially from (and intimately associated with) the 
body of the UF and extending to the subgenual cingulate cortex 
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(caudal and ventral to the genu of the corpus callosum rostral mar-
gin, rostral to the lamina terminalis). In order to qualify as a me-
dial subgenual stem, the fibers involved had to be selected with a 
third ovoid ROI placed in the sagittal plane 5 mm lateral to the 
subgenual cingulate cortex (and centered on the proposed fiber 
stem) using an “and” algorithm, with clear demonstration of ex-
tension along the body and hook of the UF, along the temporal 
stem, and running adjacent to the basolateral amygdala. For a vari-
ant medial orbital stem there were similar criteria applied, except 
that the third ROI was placed in the axial plane 5 mm dorsal to the 
cortex of the medial orbital gyri. 
Topographic Assessment
In addition to assessing for the presence or absence of the var-
ious stems, we also analyzed the topographical location of those 
fibers associated with each stem within the body and temporal 
components of the UF by undertaking selective fiber tractography 
using a third ROI with an “and” algorithm over the distal prefron-
tal aspect of each stem, respectively (in order to visually exclude 
fibers from the other stems). 
Fractional Anisotropy Assessment
The mean fractional anisotropy values for each analyzed tract 
were measured using TrackViz Version 0.6.0.1 (Wang R, Wedeen 
VJ, Massachusetts General Hospital, 2015), in order to serve as a 
bank of control data for any future studies of these tracts in patho-
logical processes. To explore the effects of age we also assessed the 
fractional anisotropy of each tract in those between 18 and 33 years 
old (n = 37) and those between 35 and 78 years old (n = 37). We 
determined whether there were any significant differences be-
tween these age groups using 2-sample t tests (p < 0.05).
Results
Demographics and Image Quality
Detailed demographic details of the study volunteers 
are described in Table 1. Seventy-four adult volunteers 
participated in this study (38 male, 36 female) with an age 
range of 18–78 years (mean 39.2 years; median 34 years). 
A comparison of mean fractional anisotropy values of the 
UF stems between the younger half of the age range (18–
33 years) and the older half (35–78 years) showed no sig-
nificant difference using a Student t test with a preset 
α-value of 0.05. The healthy volunteers included students 
and staff of the University, as well as members of the gen-
eral public predominantly living within inner Sydney. 
The BDI-II scores range from 0 to 13 with a mean of 4.1 
(i.e., no volunteers had a score of >13 to indicate the pres-
ence of depression). All volunteers included in this study 
had satisfactory image quality with no significant suscep-
tibility artifacts obscuring the temporal and frontal lobes 
(volunteers with such artifacts did not undergo comple-
tion of their DTI sequences and were not included in the 
imaging control bank). 
Temporal Stem and Body
The results of this study are summarized in Table 2. 
The temporal stems and subinsular bodies of the UFs 
were present in both cerebral hemispheres in all 74 vol-
unteers (Fig. 2). Fibers of the temporal stem were consis-
tently seen extending towards the basolateral surface of 
the amygdala as well as more laterally and rostrally to-
wards the temporal pole. 
Lateral Orbital Gyrus Stem
The lateral orbital gyrus stem was identified in 63 of 74 
left cerebral hemispheres and 60 of 74 right cerebral 
hemispheres. There was nonvisualization/absence of the 
lateral stem bilaterally in 2 volunteers.
The topographic location of the lateral stem fibers was 
found consistently in the lateral and ventral aspect of the 
temporal stem (extending towards the temporal pole), 
lateral and caudal aspect of the hook, and lateral and dor-
sal aspect of the body of the UF. There was a consistent 
ventral and lateral angulation of the more distal aspect of 
the lateral stem towards the lateral orbital gyrus cortex.
Frontopolar Stem
The frontopolar stem was identified in all 73 of 74 left 
cerebral hemispheres and in all 74 right cerebral hemi-
spheres. The volunteer with an absent left frontopolar 
stem had both a medial subgenual stem and a medial or-
bital gyrus stem, as well as a visualized lateral orbital gyrus 
stem.
Table 1. Demographic details of the healthy volunteer cohort
Variable Descriptors
Age, years Range 18–78
Interquartile range 24–57
Mean 39.2
Median 34
Mode 21
Standard deviation 16.9
Gender Male 38
Female 36
BDI-II scores Range 0–13
Interquartile range 2–9
Mean 4.1
Median 4
Mode 3
Standard deviation 2.3
BDI-II, Beck Depression Inventory 2nd edition.
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The topographic location of the frontopolar stem fi-
bers was consistently more medial and dorsal than the 
lateral stem fibers with the temporal stem (extending 
more dorsomedially with the temporal pole), more ros-
tral within the hook, and more medial within the rostral 
body of the UF. In this way, the frontopolar fibers were 
consistently flanked externally by the lateral stem fibers 
up to the level of bifurcation between these 2 stems. 
Subgenual Cingulate Gyrus Stem
A subgenual cingulate gyrus stem, which satisfied the 
requirements set out in the methodology above, was dem-
Table 2. DTI analysis and fractional anisotropy (FA) values of the uncinate fasciculus and its stems in 74 healthy volunteers
Temporal
stem
Body Lateral orbital
stem
Frontopolar
stem
Subgenual
stem
Medial orbital
stem
Left cerebrum 74/74 74/74 63/74 73/74 65/74 7/74
Mean FA
95% CI
0.44
0.41–0.49
0.46
0.43–0.49
0.43
0.40–0.48
0.44
0.40–0.49
0.43
0.40–0.47
0.41
Age 18–33 years 0.43 0.46 0.44 0.44 0.44
Age 35–78 years 0.44 0.45 0.42 0.44 0.43
p value 0.105 0.267 0.093 0.673 0.231
Right cerebrum 74/74 74/74 60/74 74/74 70/74 6/74
Mean FA
95% CI
0.45
0.41–0.45
0.46
0.42–0.49
0.43
0.40–0.49
0.43
0.40–0.48
0.42
0.39–0.48
0.41
Age 18–33 years 0.46 0.46 0.44 0.44 0.43
Age 35–78 years 0.44 0.45 0.43 0.43 0.41
p value 0.087 0.255 0.159 0.316 0.077
Prefrontal
stems Subgenual
Temporal
stem
Fig. 2. Uncinate fasciculus: temporal stem, hook, and body. The 
uncinate fasciculus overlaid onto an individual subject’s sagittal 
T1-weighted anatomical image. Fibers of the temporal stem were 
consistently seen extending towards the basolateral surface of the 
amygdala as well as more laterally and rostrally towards the tem-
poral pole. Furthermore, note the prefrontal stems extending ros-
trally from the body. The locations of the temporal and subcaudate 
ROIs are indicated by the blue and red shadings, respectively. 
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Fig. 3. Axial view of the prefrontal stems of the uncinate fasciculus. 
The uncinate fasciculus overlaid onto an individual subject’s axial 
T1-weighted anatomical image. Note the presence of 3 clearly sep-
arate prefrontal stems extending to the lateral orbital gyri, the fron-
topolar cortex, and subgenual cingulate cortex.
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onstrated in 65 of 74 left cerebral hemispheres and 70 of 
74 right cerebral hemispheres. In all demonstrated cases, 
the stem extended laterally from the subgenual cingulate 
cortex to merge with the caudal body of the UF, and ex-
tended via the temporal stem to the region just lateral to 
the basolateral amygdala (Fig. 3, 4).
The topographic location of the subgenual cingulate 
gyrus stems was always the most medial within the tem-
poral stem, extending towards the basolateral surface of 
the amygdala rather than the temporal pole (Fig. 5). These 
fibers remained the most medial and rostral with the 
hook, and the most medial within the caudal body. These 
were the first fibers to separate from the body of the UF, 
usually separating approximately 6–10 mm rostral to the 
coronal plane of the anterior commissure (caudal sur-
face). From here they angled medially and with mild ros-
tral extension towards the subgenual component of the 
cingulate gyrus, running along the ventral (inferior) sur-
face of the putamen and caudate head. 
Medial Orbital Gyrus Stem
A medial orbital gyrus stem, which satisfied the re-
quirements set out in the methodology above, was dem-
onstrated in 7 of 74 left cerebral hemispheres and 6 of 74 
right cerebral hemispheres. Of the 7 positive left cerebral 
hemispheres, 4 hemispheres did not demonstrate a sub-
genual cingulate gyrus stem. Of the 6 positive right cere-
bral hemispheres, 2 did not demonstrate a subgenual cin-
gulate gyrus stem. 
The topographic location of the medial orbital gyrus 
stem was again in the medial aspect of the temporal stem, 
medial and rostral aspect of the hook, and also demon-
strated early separation from the body of the UF. After 
separation from the body, these fibers curved sharply ven-
trally towards the caudal aspect of the medial orbital gyrus 
cortex. In those cases where both a medial orbital gyrus 
stem and a subgenual cingulate gyrus stem were present, 
the fibers of the 2 stems were very difficult to separate/dif-
ferentiate within the temporal stem, but the medial or-
bital gyrus stem was more rostral within the hook, and 
more lateral and ventral within the caudal UF body. 
LateralFronto-
polar
Subgenual
Temporal
Fig. 4. Coronal view of the prefrontal stems of the uncinate fas-
ciculus. The uncinate fasciculus overlaid onto an individual sub-
ject’s coronal T1-weighted anatomical image. Note the medial and 
subcaudate course of the subgenual stem towards the subgenual 
cingulate cortex, as well as its caudal location in relation to the 
frontopolar and lateral orbital stems.
Fig. 5. Coronal view of the subgenual prefrontal stem fibers of the 
uncinate fasciculus. The subgenual prefrontal stem of the uncinate 
fasciculus overlaid onto an individual subject’s coronal T1-weight-
ed anatomical image – the T1-weighted image has been partially 
subtracted to highlight the 3-dimensional course of the pathway. 
Note the course of the fibers from the subgenual cingulate cortex 
in a subcaudate fashion towards the hook of the uncinate fascicu-
lus, and the final destination adjacent to the basolateral amygdala.
Subgenual
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Discussion
Background
Prior studies on the white matter tracts underlying the 
subgenual cingulate gyrus (BA25) have demonstrated the 
presence of fibers extending towards the amygdala [21, 22, 
27, 30] and that these fibers are amongst those likely acti-
vated in responders rather than nonresponders to DBS of 
BA25 [19, 21, 22]. In fact, Riva-Posse et al. [19] demon-
strated that the volume of activated tissue in BA25 DBS 
responders consistently involved fibers of the UF using 
seed tractography of an activated tissue model ROI [30]. 
Consistent with our tractography results, fibers ex-
tending between BA25 and the amygdala have also been 
demonstrated in postmortem human, nonhuman pri-
mate, and rodent anatomical studies. Ebeling and von 
Cramon [31], in a microdissection study of 10 adult non-
diseased postmortem human brains, described the fron-
tal fibers of the UF spreading in a fan-like fashion towards 
3 regions of the prefrontal cortex: the gyrus rectus (area 
11), medial retro-orbital cortex (area 12), and the subcal-
losal gyrus (area 25) . Our DTI results are consistent with 
this finding, demonstrating these latter fibers as a distinct 
medial/subgenual prefrontal stem of the UF. 
Tract tracing studies in macaque monkeys [32] and in 
rodents [33] also demonstrate the presence of fibers ex-
tending between the infralimbic cortex (homologous to 
BA25 in humans) and the amygdaloid nuclei, with topog-
raphy comparable to the course of the fibers we demon-
strate. These direct connections have also been reported 
in human DTI studies that seeded BA25 and demonstrat-
ed connections to the amygdaloid nuclei via a subcaudate 
and subinsular course (as described above) [19, 21, 34, 
35]. Houenou et al. [34] in fact stated that they believed 
these fibers were probably originating from the UF based 
on correlation with white matter atlases. 
A major unique feature of our study was to demon-
strate these same fibers using the UF as a seed rather than 
seeding BA25, demonstrating that they are in fact a com-
ponent of the UF. By using a larger and more caudally 
located subcaudate ROI than those used in many prior 
DTI studies of the UF, we aimed to demonstrate medial/
subgenual fibers that branch off more caudally than the 
other well-described prefrontal stems. 
Salient Findings
In this study we have demonstrated the probable pres-
ence of a medial prefrontal stem of the UF extending to-
wards the cortex of the subgenual cingulate gyrus (BA25) 
in humans using DTI. Our findings indicate that this 
probable tract is present in at minimum a high propor-
tion of human brains (65/74 left hemispheres, 70/74 right 
hemispheres) and is intimately associated with (and to 
our assessment inseparable from) the caudal body and the 
temporal stem of the UF. The anatomical location of this 
subgenual cingulate gyrus stem likely corresponds to the 
fibers identified by Johansen-Berg et al. [19], Riva-Posse 
et al. [21], and Vergani et al. [30] that extend towards the 
amygdala and are amongst those activated in DBS re-
sponders. 
Hypothesis of Functional Significance
Given the location of these probable fibers between 
BA25, a cortical region heavily implicated in mood regu-
lation and the pathophysiology of depression, and the ba-
solateral amygdala, where the amygdala receives the ma-
jority of its input fibers, it would be reasonable to hypoth-
esize that the subgenual stem of the UF plays a role in the 
circuitry underlying the regulation of mood and prefron-
tal control over the emotional expression of mood (our 
affect). This hypothesis could be potentially tested using 
functional BOLD-MRI or PET imaging in combination 
with tractography. In addition, lesioning studies in pri-
mates may also prove useful to further test this hy- 
pothesis. 
Limitations
The major limitation of this study is the indirect nature 
of white matter tract anatomical assessment inherent in 
diffusion tensor tractography (which is based on a proba-
bilistic determination of tract location resulting from the 
calculated diffusion vectors of protons). This limitation 
can manifest in the appearance of nonexistent/artificial 
tracts that reflect the calculation of vectors from skull 
base, CSF pulsation, or patient motion artifacts rather 
than true white matter tracts. We have attempted to re-
duce the impact of such tracts on this study through the 
application of a length filter (requiring a minimum tract 
length of 20 mm), as the majority of such artificial tracts 
is short (usually <15 mm). In addition, the reproducibil-
ity of the tracts analyzed in this study between volunteers 
(in a sample size of 74 volunteers, 148 hemispheres) 
would markedly reduce the likelihood that these repre-
sented artificial tracts. Future tracer studies on nonhu-
man primates could be used to interrogate these tracts 
further in a more direct fashion.
Another limitation of DTI is the associated difficulties 
of separating crossing fibers in multiple directions, and as 
such tracer studies or use of diffusion spectrum imaging 
may be of use.
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The sample size of this study (n = 74, 148 hemispheres) 
renders it an initial assessment only of the presence or 
absence of the tracts of interest, and it would be useful to 
confirm our findings in a larger cohort of healthy volun-
teers. 
Relevance
The results of this study are of relevance not only to 
furthering our potential understanding of mood regula-
tion circuitry and neurosurgical targeting, but also in im-
proving and refining our knowledge of the functional 
neuroanatomy of the prefrontal lobe and its interactions 
with the limbic system. A detailed analysis of the white 
matter anatomy of the frontal lobe will be essential for 
future progress in understanding the pathophysiology 
and treatment of psychiatric diseases. In this study we 
have demonstrated the probable presence of a medial/
subgenual prefrontal stem of the UF that appears to com-
municate between a major mood regulation hub (the sub-
genual cingulate gyrus: BA25) and the input region of the 
amygdala (involved in emotional expression of mood). 
Further validation of our findings is required in 2 for-
mats. Firstly, since the acquisition of imaging for our 
study there have been advances in spatial resolution/vox-
el size for DTI sequences, and such sequences (potential-
ly in combination with 64-directional acquisition) should 
be used in follow-up studies to ensure that the medial 
subgenual stem fibers are truly inseparable from the re-
mainder of the UF. Secondly, given the indirect nature of 
DTI and the potential for artificial tract visualization, 
confirmation of the presence of these tracts with further 
anatomical tracer studies would be useful.
Conclusion
A previously undescribed medial prefrontal stem of 
the UF extending between the subgenual cingulate gyrus 
(BA25) and the basolateral amygdala was demonstrated 
using DTI. The fibers of this stem were inseparable from 
the body and temporal stem of the UF. We hypothesize 
that these fibers would play an important role in mood 
regulation and depression pathophysiology, and could be 
further researched using functional neuroimaging and 
anatomical tracer studies. 
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Abstract
Background: Subcaudate tractotomy is a functional ablative 
procedure performed for treatment-resistant psychiatric dis-
ease, targeting the white matter tracts ventral to the head of 
the caudate nucleus. The white matter anatomy of this region 
has extensive interindividual variability, and this is thought 
to impact upon the treatment response to ablative and deep 
brain stimulation procedures. Objective: We aim to assess in 
detail the white matter tract anatomy and topographic vari-
ability underlying subcaudate tractotomy. Methods: 74 non-
depressed adult volunteers underwent MRI including diffu-
sion tensor imaging. Individualized regions of interest were 
formed in both hemispheres using native non-normalized 
data to simulate a subcaudate tractotomy. Tractography and 
analysis were performed and the exact tract locations mea-
sured including mean distances and standard deviations to 
assess variability. Results: The cingulum bundle, uncinate 
fasciculus, corticostriatal fibres, and corticothalamic fibres 
were consistently demonstrated. The location of the cingu-
lum bundle was consistent across subjects, but there was ex-
tensive interindividual variability in the topographic location 
of the other tracts. Conclusion: We have demonstrated a de-
tailed analysis of the white matter tracts and their anatomical 
variability underlying subcaudate tractotomy. This has sig-
nificant implications for neurosurgical targeting.
© 2018 S. Karger AG, Basel
Introduction
Subcaudate tractotomy is a functional ablative proce-
dure performed for treatment-resistant psychiatric dis-
ease, in particular major depressive and obsessive-com-
pulsive disorders [1, 2]. The procedure is often performed 
in conjunction or secondary to dorsal anterior cingulot-
omy, the combination of which is termed limbic leucoto-
my [2, 3]. First described by the British neurosurgeon 
Geoffrey Knight in 1965 using radio-active yttrium-90 
rods, then later adapted by Malhi and Bartlett [4] in Lon-
don as well as Bourne et al. [2] at Massachusetts General 
Hospital with the use of stereotactic electrode thermoco-
agulation [3, 5], the target is the white matter structures 
ventral to the heads of the caudate nuclei. 
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By ablating the subcaudate tracts, the treatment aims 
to disrupt the corticostriatothalamocortical circuits ex-
tending between the orbitofrontal/ventromedial prefron-
tal cortex and the ventral striatum, diencephalon, and 
limbic system [6]. Lesion mapping of the subcaudate trac-
totomy ablation zones from patients who have undergone 
this procedure implicates disruption of both grey and 
white matter structures including the nucleus accum-
bens, subgenual cingulate gyrus, orbitofrontal cortex, an-
terior thalamic radiation, uncinate fasciculus, medial 
forebrain bundle, and corticostriatal fibres [3, 7].
Deep brain stimulation (DBS) of the subgenual cingu-
late gyrus (Brodmann area 25: BA25) grey-white matter 
junction has shown moderate response rates for treat-
ment-resistant depression [8–11], and there is increasing 
evidence that this response partly relates to modulation 
of white matter tracts deep to BA25 [12–15]. There is sig-
nificant overlap between the tracts implicated in success-
ful response to BA25 DBS and those tracts likely disrupt-
ed by subcaudate tractotomy [3, 7, 12], including the un-
cinate fasciculi and corticostriatal fibres arising from the 
ventromedial and orbitofrontal cortex. Given both tech-
niques have shown moderate response rates for treat-
ment-resistant depression, it is feasible that they repre-
sent 2 different anatomical approaches to modulating a 
shared set of underlying white matter tracts. 
There is considerable anatomical variability in the ex-
act location and branching patterns of white matter tracts 
in the frontal lobe [16, 17], and this variability is thought 
to have at least partly contributed to cases of non-re-
sponse to BA25 DBS [12, 18]. Our understanding of ideal 
target selection and potential anatomical contributors to 
treatment response/non-response will be aided by a sys-
tematic assessment of the exact tract locations and vari-
ability of the subcaudate white matter. We present here a 
detailed assessment of the tract anatomy, anatomical 
variability, and locations of the white matter fibres likely 
disrupted by subcaudate tractotomy, using native (non-
normalized) diffusion tensor imaging (DTI) data from 
healthy controls. This work builds upon the prior excel-
lent work of Yang et al. [3, 7], from 2014 and 2015, that 
was based on normalized DTI data. 
Methodology
Ethics
Ethics approval was granted by the Human Research Ethics 
Committees of St. Vincent’s Hospital (Darlinghurst, NSW, Aus-
tralia) and the University of Sydney (Camperdown, NSW, Austra-
lia). Written consent was obtained from all subjects prior to imag-
ing acquisition. The research was undertaken in accordance with 
the principles of the Declaration of Helsinki.
Recruitment
Seventy-four non-depressed adult volunteers (ages 18–78 
years, male n = 38, female n = 36) were recruited by the Depart-
ment of Anatomy, University of Sydney, to form a bank of control 
subjects for a variety of future MRI studies. Volunteers were 
screened for symptoms of depression using the Beck Depression 
Inventory-II (2nd edition), a 21-question self-reporting inventory 
first described in 1961 and updated in 1996 that has been shown 
to be a valid and reliable tool for the assessment of depression se-
verity [19, 20]. Using this scoring system, a score of greater than 
13 is consistent with depression; all of our recruited volunteers had 
a Beck Depression Inventory-II score of ˯13 (μ = 4). 
MRI Acquisition
All volunteers underwent MRI of the brain using a 3-tesla MRI 
scanner (Philips, Achieva). Volunteers lay supine within the scan-
ner with their head immobilized in a head coil. High-resolution 
3-dimensional T1-weighted anatomical image sets were acquired 
(TE = 2.5 ms, TR = 5,600 ms, flip angle = 8°, voxel size = 0.8 × 
0.8 × 0.8 mm). T2-weighted image sets were then acquired (TE = 
100 ms, TR = 3,000 ms, voxel size = 2 × 2 × 2.5 mm). DTI data were 
acquired with a whole-brain single-shot echo-planar pulse se-
quence (TR = 8,788 ms, flip angle = 90°, 112 × 112 matrix size, 
224 × 224 mm FOV, 2.5 mm slice thickness, 55 axial slices, voxel 
size = 2 × 2 × 2.5 mm) with 4 image sets collected for each subject. 
For each slice, diffusion gradients were applied along 32 indepen-
dent orientations with b = 1,000 s/mm2 after the acquisition of the 
b = 0 s/mm2 images. 
Image Processing
Images were skull-stripped, coregistered, and eddy correction 
performed using the FSL Version 4.1 Diffusion Toolbox (func-
tional MRI of the Brain Research Centre, Oxford, 2008), and 
whole-brain probabilistic DTI tractography was performed using 
Diffusion Toolkit Version 0.6 (Wang R., Wedeen V.J., Massachu-
setts General Hospital, 2010). A reduced skull-stripping threshold 
was undertaken on the T1-weighted sequences to allow for identi-
fication of the floor of the anterior cranial fossa (an important step 
for region of interest, ROI, creation). Image analysis was under-
taken using TrackVis Version 0.6.0.1 (Wang R., Wedeen V.J., Mas-
sachusetts General Hospital, 2015). Normalization was specifically 
not undertaken in order to avoid distortion of white matter anat-
omy, branching, or microstructural characteristics that may occur 
with non-linear spatial transformations. Native control subject 
DTI and structural sequence data were used for all analyses.
ROI Creation
Due to the use of native rather than normalized DTI data sets, 
individualized ellipsoid 3-dimensional (3D) ROIs were created in 
each hemisphere for each subject, using predetermined grey mat-
ter boundaries in the coronal and sagittal planes. These ROIs were 
specifically designed to simulate the expected lesion pattern of a 
subcaudate tractotomy and were based on the subcaudate trac-
totomy summarized lesion maps published by Yang et al. [3] that 
were derived from the MRI studies of 11 patients who underwent 
limbic leucotomy at Massachusetts General Hospital between 2001 
and 2008. 
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Using TrackVis Version 0.6.0.1, an ovoid ROI was initially cre-
ated for each hemisphere in the coronal plane, with the coronal 
slice selected based on the determination of the 2 target/ablation 
points in each hemisphere (total 4 per patient) for the thermoco-
agulation form of subcaudate tractotomy described by Shields et 
al. [21] and Bourne et al. [2, 3], described as being 7 and 15 mm 
lateral to the midline, 7 mm dorsal to the anterior cranial fossa 
floor, and 7 mm anterior to the sylvian fissure. With these ana-
tomical targets in mind, and based on the lesion maps (discussed 
above) published by Yang et al. [3] in 2014, grey matter boundaries 
visualized on T1-weighted images (with reduced-threshold skull-
stripping to maintain the anterior cranial fossa floor) were used for 
formation of the initial coronal ovoid ROI (Fig. 1a). The medial 
limit was the grey-white matter junction of the subgenual cingulate 
gyrus (BA25). The lateral limit was the level of the lateral border 
of the putamen. The ventral limit was the grey-white matter junc-
tion of the orbitofrontal cortex. The dorsal limit was at the level of 
the ventral border of the rostrum of the corpus callosum. 
Once the coronal plane ovoid ROI was formed, this was extend-
ed into a 3D ellipsoid ROI via the addition of the third dimension 
in the sagittal plane with an ovoid ROI perpendicular to the coronal 
ROI, centred 11 mm lateral to the midline (midway between the 2 
simulated ablation points) and 7 mm above the floor of the ante-
rior cranial fossa, with caudal extension in the sagittal plane to the 
level of the anterior commissure (as identified on a mid-sagittal 
plane), and extended rostrally by an equal distance (Fig. 1b). 
The resulting 3D ellipsoid ROI was thus centred between the 2 
simulated ablation points within the subcaudate white matter, 
with dorsal extension into the ventral striatum/nucleus accumbens 
(as described by Yang et al. [3, 7]), and medial and ventral exten-
sion to the grey-white matter junctions of the subgenual cingulate 
gyrus and medial orbitofrontal cortex, respectively (Fig. 2a). There 
was also sparing of the external capsule laterally, consistent with 
the published lesion maps [3]. Separate 3D ROIs were created for 
each cerebral hemisphere. 
ROI Seeding
For all 148 cerebral hemispheres, the individualized ROIs were 
seeded (Fig. 2a, b) using TrackVis Version 0.6.0.1, with application 
of a minimum fibre length filter of 10 mm in order to reduce the 
chance of artefactual tract formation. This filter was less than the 
20-mm filter we have applied in other similar projects, with the 
aim of preserving the short (but likely still supracentimetre) ven-
trodorsal fibres extending between the orbitofrontal cortex and the 
ventral striatum. A minimum FA filter was also applied such that 
only tracts with FA values of > 0.15 would be included in the anal-
ysis, again to reduce the chance of artefactual tract formation.
Tract Analysis
The resulting tractography maps were analysed using superim-
posed and coregistered DTI and T1-weighted sequences for each 
subject. The majority of the large underlying tracts were easily iden-
tifiable in relation to an MRI atlas of human white matter anatomy 
[22]. Overlapping tracts in the same plane were separated by using 
a second spherical ROI centred over a more rostral or caudal aspect 
of the tract (separated by at least 10 mm) with use of an “and” al-
gorithm – an example of this was the separation of the uncinate 
fasciculus fibres from those of the inferior occipitofrontal fasciculus 
by an additional ROI over the temporal stem or retrolentiform 
white matter, respectively. To help separate smaller fibres in close 
Subgenual
cingulate
gyrus
Lateral edge of
the putamen
Ventral striatum
Orbitofrontal cortex
a
Centreline
7 mm anterior to the
sylvian fissure
Coronal level 
of the anterior 
commissure
b
Fig. 1. The subcaudate ROI in the coronal and sagittal planes. The 
coronal (a) and sagittal (b) perspectives of the left subcaudate 
ovoid ROI (a red, b blue) are demonstrated superimposed on a 
coronal T1-weighted reference image (a) located 7 mm anterior to 
the sylvian fissure and a sagittal T1-weighted reference image (b) 
11 mm left of the midline. a Note the lateral limit is formed by the 
level of the lateral edge of the putamen, the medial limit by the 
grey-white matter junction of the subgenual cingulate gyrus, and 
the ventral limit by the grey-white matter junction of the orbito-
frontal cortex. The dorsal aspect of the ROI involves the ventral 
striatum and ventral aspect of the anterior limb of the internal cap-
sule. b Note that the ROI is extended caudally from the central line 
that lies 7 mm anterior to the sylvian fissure, until it reaches the 
level of the anterior commissure. It is then extended rostrally by 
the same distance.
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Rostrocaudal
b
Fig. 3. Methods of distance measurements. a Coronal T1-weighted 
reference image located 7 mm anterior to the sylvian fissure, with 
demonstration of the measurement techniques for the limits of the 
measured tracts. Note that the mediolateral measurements are 
made from the grey-white matter junction of the subgenual cingu-
late gyrus; the ventrodorsal measurements are from the grey-white 
matter junction of the orbitofrontal cortex. b Midline sagittal T1-
weighted image demonstrating the method of tract limit measure-
ments in the rostrocaudal plane. The rostral and caudal limits of 
the tract of interest are measured from the level of the anterior 
commissure. 
Orbital gyri
fibres
Polar
fibres
Uncinate
fasciculus
Corticothalamic
fibres
Inferior
occipitofrontal
fasciculus
b
Fig. 2. The left subcaudate ROI and the seeded tracts. a Tractogra-
phy seeding of the left subcaudate ROI (red) demonstrated in an 
oblique coronal 3-dimensional view, with visualization of fibres 
extending from the frontal pole and lateral orbital gyri, and ex-
tending to the medial thalamus (corticothalamic fibres), ventral 
striatum (corticostriatal fibres), and towards the occipital lobe (in-
ferior occipitofrontal fasciculus). b Seeded fibres form the left sub-
caudate ROI in the sagittal perspective superimposed on a sagittal 
T1-weighted reference image. Note the dorsal polar and ventral 
orbital gyri fibres in the frontal lobe and the curve of the uncinate 
fasciculus into the temporal stem.
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proximity to each other, a slice filter was applied separately in each 
plane (X, Y, and Z), so as to isolate only those fibres traversing that 
particular plane – an example of this was the application of a slice 
filter in the axial (X) plane to help isolate the short fibres extending 
in a ventrodorsal fashion from the orbitofrontal cortex to the ven-
tral striatum. Overall, we aimed to define 8 individual tracts and/or 
their components that traversed the subcaudate ROI. These includ-
ed (i) projectional fibres – corticothalamic fibres and inferomedial 
fibres of the medial forebrain bundle; (ii) corticostriatal fibres – me-
dial orbitofrontal/frontopolar cortex to ventral striatum fibres and 
subgenual cingulate gyrus to ventral striatum fibres; (iii) cortico-
cortical fibres – body of the uncinate fasciculus, subgenual stem of 
the uncinate fasciculus, ventromedial fibres of the inferior occipi-
tofrontal fasciculus and the cingulum bundle.
For each identified and isolated fibre tract, the grey matter 
structures they connected were identified by either direct visual-
ization of the overlying T1-weighted images, or where there was 
any doubt, the putative grey matter structure was seeded separate-
ly to assess for reproducibility of the tract/fibres. This was per-
formed by additional seeding of the grey matter region where the 
tract terminated. An example of this was seeding of the dorsome-
dial region of the thalamus to confirm the presence of fibres ex-
tending here from the frontopolar cortex, via the subcaudate ROI 
and anterior limb of the internal capsule.
The 4 external diameter limits for each isolated tract were mea-
sured in the plane perpendicular to the long axis of the tract. That 
is, the lateral distance from the grey-white matter junction of the 
subgenual cingulate gyrus (x axis), rostral distance from the level 
of the anterior commissure (y axis), or the dorsal distance from the 
grey-white matter junction of the orbitofrontal cortex (z axis) 
(Fig. 3a, b). 
Data Collection
Whether or not each fibre tract could be identified on the left and 
right sides of the brain was recorded to assess tract identification 
frequency across the sampled population. Additionally, the average, 
standard deviations, and coefficient of variation (mean/standard de-
viation) of the external diameters of each tract were determined 
across the sample to explore the anatomical variability of each tract.
Internal Comparison of Normalized versus Native  
(Non-Normalized) Image Data Sets
In order to provide validity for our use of native rather than 
non-normalized data sets for this study, we performed an internal 
comparison by undertaking an additional normalized assessment 
of all 148 cerebral hemispheres, with all data sets normalized to 
MNI space using FSL. We then compared the medial and lateral 
boundary distances for a central tract, the cingulum, and a periph-
eral tract, the body of the uncinate fasciculus, as well as the inci-
dence of visualization of these tracts within the seeded ROI be-
tween native and normalized image data sets. The distances were 
compared with each other using standard 2-sample t tests with p < 
0.05 taken as significant.
Results
An example of white matter fibres traversing the sub-
caudate ROI in an individual subject is shown in Figure 
6 overlaid onto a T1-weighted midline sagittal slice. Cor-
ticothalamic fibrers, corticostriatal fibres, the uncinate 
fasciculus, and fibres of the inferior occipitofrontal fas-
ciculus are clearly seen. No commissural fibres were con-
sistently identified traversing the subcaudate ROIs on ei-
ther side of the brain. Assessment of the whole-brain 
tractography results demonstrated that the forceps mi-
nor fibres travelling across the genu of the corpus callo-
sum and extending towards the frontal poles were con-
sistently rostral to the ROI. The commissural fibres of the 
rostrum of the corpus callosum were medial and dorsal 
and those of the anterior commissure medial and caudal 
to the ROI. 
Table 1. Projectional fibres within the subcaudate ROI: prevalence and location
Fibres Frequency Medial border Lateral border Ventral border Dorsal border
μ σ σ/μ μ σ σ/μ μ σ σ/μ μ σ σ/μ
Left
Corticothalamic 74/74 12 2.0 0.17 17 1.9 0.11 16 2.8 0.18 21 3.2 0.15
imMFB 58/74 3 1.1 0.37 6 1.4 0.23 13 1.9 0.15 18 1.4 0.08
Right
Corticothalamic 74/74 11 1.1 0.10 16 1.3 0.08 14 3.4 0.24 19 3.4 0.18
imMFB 51/74 2 0.7 0.35 5 1.0 0.20 14 2.6 0.19 19 2.6 0.14
All distance measurements in millimetres. μ values rounded to the nearest millimetre; σ values rounded to the nearest 0.1 mm. ROI, 
region of interest; μ, mean; σ, standard deviation; σ/μ, coefficient of variance; imMFB, inferomedial fibres of the medial forebrain bun-
dle. Left and right refer to the left and right cerebral hemispheres, respectively. Medial and lateral border measurements are the dis-
tances from the subgenual cingulate gyrus cortex; ventral and dorsal border measurements are from the orbitofrontal cortex.
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Projectional Fibres
The frequencies and external diameter measurements 
of the projectional fibres are summarized in Table 1. Cor-
ticothalamic fibres were seen bilaterally extending from 
the medial orbitofrontal cortex (OFC) and the frontopo-
lar cortex (FPC) to the thalamus as part of the anterior 
thalamic radiation, extending to both ventromedial and 
dorsomedial regions of the thalamus via the ventral as-
pect of the anterior limb of the internal capsule (Fig. 4a–
c). These corticothalamic fibres traversed the most dor-
solateral aspect of the subcaudate ROI. The location of 
corticothalamic tracts was relatively variable between in-
dividuals, with a median coefficient of variation of 0.18 
across all identified corticostriatal tracts. Corticothalamic 
fibres arising from the lateral OFC did not traverse the 
ROI, lying more dorsally within the anterior limb of the 
internal capsule.
Short projectional fibres were identified medially, ex-
tending from the septal region and adjacent to the sub-
genual cingulate gyrus, towards the lateral hypothalamus. 
These fibres most likely represent the inferomedial fibres 
of the medial forebrain bundle. No consistent fibre tracts 
were identified extending to the brainstem. Assessment 
of whole-brain tractography suggested that the fronto-
pontine fibres and superolateral fibres of the medial fore-
brain bundle lay dorsolateral to the subcaudate ROI in the 
dorsal aspect of the anterior limb of the internal capsule.
Corticostriatal Association Fibres
The frequencies and external diameter measurements 
of the corticostriatal association fibres are summarised in 
Table 2. Corticostriatal fibres were shown extending from 
the medial OFC and FPC to the ventral striatum, with fi-
bres extending to the regions of the nucleus accumbens, 
ventral caudate head, and ventral putamen. At the level of 
the central coronal plane of the subcaudate ROI, these fi-
bres were in the dorsal aspect of the ROI, just prior to en-
tering the ventral striatum. The location of corticostriatal 
tracts was relatively variable between individuals, with a 
median coefficient of variation of 0.14 across all identified 
corticostriatal tracts. Short corticostriatal fibres were also 
identified extending from the subgenual cingulate gyrus 
Table 2. Corticostriatal fibres within the subcaudate ROI: prevalence and location
Fibers Frequency Medial border Lateral border Ventral border Dorsal border
μ σ σ/μ μ σ σ/μ μ σ σ μ μ σ σ/μ
Left 
mOFC/FPC-VS 68/74 10 1.4 0.14 16 1.4 0.09 16 4 0.25 21 3.2 0.15
Caudal Rostral Ventral border Dorsal border
μ σ σ/μ μ σ σ/μ μ σ σ μ μ σ σ/μ
SGC-VS 61/74 8 1.4 0.18 12 1.2 0.10 10 2.3 0.23 20 1.6 0.08
Medial Lateral Ventral border Dorsal border
μ σ σ/μ μ σ σ/μ μ σ σ μ μ σ σ/μ
Right
mOFC/FPC-VS 71/74 10 2.0 0.02 15 1.0 0.07 15 1.9 0.13 16 2.4 0.15
Caudal Rostral Ventral border Dorsal border
μ σ σ/μ μ σ σ/μ μ σ σ μ μ σ σ/μ
SGC-VS 56/74 10 2.0 0.02 13 1.6 0.12 13 2.9 0.22 18 2.7 0.15
All measurements in millimetres. μ values rounded to the nearest millimetre; σ values rounded to the nearest 0.1 mm. ROI, region 
of interest; μ, mean; σ, standard deviation; σ/μ, coefficient of variance; mOFC, medial orbitofrontal cortex; FPC, frontopolar cortex; SGC, 
subgenual cingulate gyrus cortex; VS, ventral striatum. Left and right refer to the left and right cerebral hemispheres, respectively. Me-
dial and lateral border measurements are the distances from the subgenual cingulate gyrus cortex; caudal and rostral measurements are 
from the coronal level of the anterior commissure; ventral and dorsal border measurements are from the orbitofrontal cortex.
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to the ventral striatum, particularly the ventral caudate/
nucleus accumbens (Fig. 5). 
Corticocortical Association Fibres
The frequencies and external diameter measurements 
of the corticocortical association fibres are summarized 
in Table 3. The cingulum bundle, including multiple 
short rostrocaudal fibres that likely represent the subgen-
ual/rostral components of the bundle and some longer 
fibres that curved around the genu and extended dorso-
caudally into the body of the cingulum bundle (dorsal to 
the body of the corpus callosum), were consistently seen 
extending through the most medial aspect of the ROI 
(immediately ventral to the rostrum of the corpus callo-
sum). These fibres were relatively fixed in position in re-
lation to the subgenual cingulate cortex (consistently 2– 
4 mm lateral). Furthermore, compared to all other tracts 
identified in this study, the location of the cingulum bun-
dle was relatively consistent across individuals, with a 
median coefficient of variation of only 0.07.
The uncinate fasciculus was also consistently demon-
strated, with 3 frontal branch components traversing the 
ROI, merging caudally into a common body: a subgenual/
medial branch from the subgenual cingulate gyrus, a 
frontopolar branch from the FPC, and a lateral orbital 
branch from the lateral OFC and dorsolateral prefrontal 
cortex (Fig.  6). The subgenual branch extends laterally 
and slightly caudally, ventral to the caudate head before 
turning caudally as it joins the body of the uncinate fas-
ciculus. The other 2 branches merge at a more rostral 
Frontopolar
fibres
Medial
orbitofrontal
fibres
Anterior limb
of the internal
capsule
Ventromedial
thalamus
Dorsomedial
thalamus
a
Polar fibres Medialthalamus
Anterior limb
of the internal
capsule
b
Frontopolar
fibres
Anterior limb
of the internal
capsule
Medial orbital
gyri fibres
c
Fig. 4. Corticothalamic fibres in sagittal, axial, and coronal planes. 
Tractography of the corticothalamic fibres that have been isolated 
and superimposed on a mid-sagittal reference T1-weighted image 
(a), axial reference T1-weighted image (b), and coronal reference 
T1-weighted image in an oblique perspective (c). Note the pres-
ence of frontopolar (dorsal) and medial orbital gyri (ventral) ori-
gins in the frontal lobe, extension through the ventral aspect of the 
anterior limb of the internal capsule, reaching the medial thalamus 
where there are ventromedial and dorsomedial end points.
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point in the ROI, before the subgenual branch joins them 
caudally. Although the uncinate fasciculus was consis-
tently identified, the location of its branches was relative-
ly variable across individuals with a median coefficient of 
variation of 0.14.
The inferior occipitofrontal fasciculus was partly cap-
tured within the subcaudate ROI but on an inconsistent 
basis (in only approx. 50% of subjects), with only its most 
medial and ventral fibres traversing the ROI. The dorso-
lateral fibres of the inferior occipitofrontal fasciculus, as 
assessed on whole-brain tractography, lay within the ex-
ternal capsule and hence beyond the lateral margins of the 
subcaudate ROI. Assessment of the original descriptions 
of subcaudate tractotomy by Knight et al. [1, 4] suggests 
these lateral fibres may have been included in more his-
torical techniques for this surgery, but not in the more 
modern forms. 
Short association fibres were seen extending to the 
subgenual cingulate gyrus from 3 locations in the pre-
frontal cortex: medial OFC, FPC, and lateral OFC. Incon-
sistent fibres were seen that appeared continuous with the 
stria terminalis, extending caudally from the septal area 
to the lateral hypothalamus, then along the usual course 
of the stria terminalis between the caudate and putamen 
at the ventrolateral surface of the lateral ventricle before 
turning ventrally and towards the amygdala. 
Native versus Normalized Data Set Comparison
The results of this internal comparison are outlined in 
Table 4. There were statistically significant (p < 0.001; t 
test) reductions in the medial and lateral boundary dis-
tances from the subgenual cingulate gyrus grey-white 
matter junction for the body of the uncinate fasciculus, 
but not for the cingulum bundle. In addition, whilst the 
number of hemispheres in which the cingulum (subgen-
ual fibres) lay within the ROI did not change between na-
tive and normalized data sets (73/74 left, 71/74 right), the 
number of hemispheres in which the body of the uncinate 
fasciculus was visualized was reduced (native: 74/74 bi- 
laterally; normalized 68/74 left – 8.1% reduction, 65/74 
right – 12.2% reduction).
Discussion
Salient Findings
The white matter fibres consistently demonstrated 
within the subcaudate ROIs were the corticothalamic fi-
bres of the anterior thalamic radiation (from the ventro-
medial OFC and FPC to the medial thalamus), cingulum 
Subgenual
stem
Polar
stem
Lateral stem
Body
Temporal
stem
Fig. 6. Coronal view of the uncinate fasciculus. Three-dimension-
al tractography of the left uncinate fasciculus in the coronal per-
spective superimposed on a coronal T1-weighted reference image. 
Note the presence of a temporal stem, the caudal uncus/hook ex-
tending into the body, and the 3 prefrontal stems extending to the 
subgenual cingulate gyrus, frontal pole, and lateral orbital gyri.
X
Y
Z
Ventral
striatum
Polar fibres
ROI
Medial orbital
gyri fibres
Fig. 5. Three-dimensional view of the corticostriatal fibres. Three-
dimensional tractography from an oblique coronal perspective su-
perimposed on T1-weighted reference images in all 3 planes (X, Y, 
and Z), demonstrating corticostriatal fibres extending from the 
frontal pole and medial orbital gyri caudally across the dorsal as-
pect of the subcaudate ROI to reach the ventral striatum.
Co
lor
 ve
rsi
on
 av
ail
ab
le 
on
lin
e
Co
lor
 ve
rsi
on
 av
ail
ab
le 
on
lin
e
Do
wn
loa
de
d 
by
: K
. B
ha
tia
 - 
13
84
51
15
2.
76
.2
.2
 - 
11
/2
6/
20
18
 4
:4
7:
27
 A
M
57
Subcaudate Tractotomy DTI White 
Matter Anatomy
9Stereotact Funct Neurosurg
DOI: 10.1159/000488359
bundle fibres, and the uncinate fasciculus (including its 
body and subgenual stem). There was moderately consis-
tent demonstration of septal fibres thought to represent 
the inferomedial stem of the medial forebrain bundle and 
corticostriatal fibres. The ventromedial fibres of the infe-
rior occipitofrontal fasciculus were inconsistently dem-
onstrated. Whilst most fibre bundles examined were con-
sistently identified, tracts located close to the midline, 
such as the cingulum bundle, displayed greater anatomi-
cal location consistency than those situated more later-
ally, such as the uncinate fasciculus, corticostriatal fibres, 
and corticothalamic fibres.
Role of Native versus Normalized DTI Data
Previous DTI-based studies investigating the tracts 
likely affected by subcaudate tractotomy have superim-
posed an ROI derived from scans of lesioned patients onto 
normalized control databases, whereby brain anatomy is 
Table 3. Corticocortical fibres within the subcaudate ROI: prevalence and location
Fibres Frequency Medial border Lateral border Ventral border Dorsal border
μ σ σ/μ μ σ σ/μ μ σ σ/μ μ σ σ/μ
Left
UF body 74/74 14 2.4 0.17 22 2.1 0.10 13 1.9 0.15 20 1.7 0.09
Caudal Rostral Ventral border Dorsal border
μ σ σ/μ μ σ σ/μ μ σ σ/μ μ σ σ/μ
UF subgenual 65/74 6 1.2 0.20 11 2.0 0.19 10 1.7 0.17 14 2.4 0.17
Medial Lateral Ventral border Dorsal border
μ σ σ/μ μ σ σ/μ μ σ σ/μ μ σ σ/μ
IOFFvm 43/74 17 1.5 0.09 23 1.6 0.07 18 1.9 0.11 24 1.3 0.05
Cingulum 73/74 2 0.2 0.10 4 0.3 0.08 9 0.6 0.07 12 0.8 0.07
Medial Lateral Ventral border Dorsal border
μ σ σ/μ μ σ σ/μ μ σ σ/μ μ σ σ/μ
Right
UF body 74/74 15 2.0 0.13 21 2.5 0.12 15 1.7 0.11 21 2.4 0.11
Caudal Rostral Ventral border Dorsal border
μ σ σ/μ μ σ σ/μ μ σ σ/μ μ σ σ/μ
UF subgenual 70/74 7 1.6 0.23 11 1.6 0.15 12 1.3 0.11 16 2.0 0.13
Medial Lateral Ventral border Dorsal border
μ σ σ/μ μ σ σ/μ μ σ σ/μ μ σ σ/μ
IOFFvm 38/74 18 1.4 0.08 23 1.1 0.05 19 1.4 0.07 23 2.1 0.09
Cingulum 71/74 2 0.2 0.10 4 0.2 0.05 9 0.5 0.06 13 0.7 0.05
All measurements in millimetres. μ values rounded to the nearest millimetre; σ values rounded to the nearest 0.1 mm. ROI, region 
of interest; μ, mean; σ, standard deviation; σ/μ, coefficient of variance; UF body, body of the uncinate fasciculus; UF subgenual, sub-
genual stem of the uncinate fasciculus; IOFFvm, ventromedial fibres of the inferior occipitofrontal fasciculus. Left and right refer to the 
left and right cerebral hemispheres, respectively. Medial and lateral border measurements are the distances from the subgenual cingulate 
gyrus cortex; caudal and rostral measurements are from the coronal level of the anterior commissure; ventral and dorsal border mea-
surements are from the orbitofrontal cortex.
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warped to fit a common model [3, 7]. However, since there 
is extensive interindividual anatomical variability with re-
spect to the exact location and branching patterns of the 
prefrontal white matter [16], such differences may not be 
accurately accounted for in spatially normalized data sets 
(compared with native data sets), due to error accumula-
tion during spatial transformation of the underlying tract 
vectors [23, 24]. It is likely that the effects of normalization 
on underlying tract vectors and eigenvalues become more 
pronounced peripherally compared with centrally, as the 
central structures are less likely to be as significantly 
warped compared with the fibres closer to the cerebral 
cortex during spatial transformation [23, 24]. 
The implications of this are that central large tracts such 
as the corpus callosum and cingulum bundle are less likely 
to be affected by spatial transformation than more periph-
eral fibres such as the uncinate fasciculus, corticostriatal 
fibres, and subcortical fibres. This is consistent with our 
findings in that the cingulum bundle had lower coefficient 
of variance location values compared with those of the un-
cinate fasciculus, corticostriatal and corticothalamic fibres. 
In addition, an internal comparison of native versus nor-
malized image data sets on the cingulum (central) and un-
cinate fasciculus body (peripheral) confirmed that spatial 
normalization resulted in significantly reduced distance 
measurements with reduced coefficients of variance in the 
uncinate fasciculus, but not in the more central cingulum 
bundle. In addition, there was reduced frequency of visu-
alization of the uncinate fasciculus body in the normalized 
data set using a standardized normalized ROI.
Thus, any study aiming at assessing the location and 
micro-architectural characteristics of non-central fibres 
would be optimized by the use of native rather than nor-
malized data. Unfortunately, this is a long and painstak-
ing process, as each individual’s imaging and ROIs must 
be processed separately rather than simultaneously using 
a common normalized ROI. Large population studies 
aiming at identifying large tract anatomy would be too 
difficult to perform using native data sets; however, small-
er targeted studies such as ours can be undertaken with 
native data in order to assess specific brain tract locations 
in high detail. In addition, future neurosurgical identifi-
cation of white matter targets will likely rely on individu-
al-specific tractography [12–14], and a detailed knowl-
edge of the underlying anatomical variability and tract 
morphologies in this region will be essential for accurate-
ly identifying targets on an individual basis.
Clinical Significance of the Subcaudate White Matter 
and Adjacent Cortex
Extensive neuroimaging evidence implicates the orbito-
frontal and ventromedial prefrontal corticostriatothalamo-
cortical circuits in depression pathophysiology. The sub-
genual cingulate/ventromedial cortex is hypermetabolic on 
Table 4. Native versus normalized data sets: comparison for the cingulum and the body of the uncinate fasciculus
Fibres Frequency
native
Frequency
norm.
Medial limit
native 
Medial limit
norm.
t test,
p
Lateral limit
native
Lateral limit
norm.
t test,
p
Left
Cingulum 73/74 73/74 μ
σ
σ/μ
2
0.2
0.1
2
0.2
0.1
0.612
4
0.3
0.08
4
0.2
0.05
0.187
UF body 74/74 68/74 μ
σ
σ/μ
14
2.4
0.17
11
1.4
0.13
<0.001
22
2.1
0.1
18
1.3
0.07
<0.001
Right
Cingulum 71/74 71/74 μ
σ
σ/μ
2
0.2
0.1
2
0.2
0.1
0.543
4
0.2
0.05
4
0.2
0.05
0.682
UF body 74/74 65/74 μ
σ
σ/μ
15
2.0
0.13
11
1.6
0.15
<0.001
21
2.5
0.12
17
1.3
0.08
<0.001
All measurements in millimetres. μ values rounded to the nearest millimetre; σ values rounded to the nearest 0.1 mm. ROI, region 
of interest; μ, mean; σ, standard deviation; σ/μ, coefficient of variance; UF body, body of the uncinate fasciculus; norm., normalized. Left 
and right refer to the left and right cerebral hemispheres, respectively. Medial and lateral border measurements are the distances from 
the subgenual cingulate gyrus cortex.
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PET imaging in depressed patients and during induced 
sadness episodes in healthy controls, with normalization 
during recovery [25]. This biomarker also predicts the ef-
ficacy of antidepressant medications [26] and electrocon-
vulsive therapy [27]. A similar hypermetabolism with post-
treatment reduction is seen in the orbitofrontal cortex, in 
combination with grey matter volume reductions [28]. 
There is reduced connectivity in the medial orbitofrontal 
corticostriatothalamocortical circuit of depressed patients 
[29] and altered white matter microstructure in the unci-
nate fasciculi and the cingulum bundles [30, 31]. 
Role of Subcaudate White Matter Tracts in Response 
to DBS of BA25
Modelling of the activation volumes surrounding DBS 
electrodes placed at the grey-white matter junction of 
BA25 for patients with treatment-resistant depression 
demonstrated that responders to DBS shared pathways 
within their activation volumes involving forceps minor, 
uncinate fasciculi, the cingulum bundles, and the subcorti-
cal nuclei; non-responders did not contain these tracts in 
their activation volumes [12]. Post hoc analysis of likely 
activated white matter tracts in patients undergoing BA25 
DBS who had on-table immediate responses to contact 
stimulation demonstrated that simultaneous activation of 
forceps minor, uncinate fasciculus, and the cingulum bun-
dle was most strongly associated with an on-table response 
(termed by the authors as the depression switch) [13]. 
Based on these findings, a connectotome approach 
was used by Riva-Posse et al. [14], whereby targets were 
selected using DTI prospectively in order to determine 
those contacts that would undergo chronic postproce-
dure stimulation with the goal of stimulating forceps mi-
nor, uncinate fasciculi, cingulum bundles, and cortico-
striatal fibres in 11 patients with treatment-resistant de-
pression. One year after surgery, 9 of 11 patients were 
treatment responders with 6 patients in remission; these 
results appeared better than those published in prior DBS 
studies targeting BA25 (albeit in small numbers) [8, 9, 
14]. The evidence to date is therefore suggestive of a sig-
nificant role of subcaudate and subgenual white matter 
tracts in determining the response to DBS of BA25, and 
that future target selection will likely take account of each 
individual’s unique white matter topographical anatomy 
using pre-operative DTI-based target selection.
Crossover of Tracts Affected by Subcaudate 
Tractotomy and BA25 DBS
The tracts implicated in successful response to BA25 
DBS that were also demonstrated in our study of the sub-
caudate tracts (as well as in Yang et al. [3, 7]) are the un-
cinate fasciculi, corticostriatal fibres from the OFC to the 
ventral striatum, and the cingulum bundle (subgenual 
component) [12–14]. Within the uncinate fasciculus, the 
subgenual stem consistently traversed the subcaudate 
ROI in a mediolateral fashion to reach the body of the 
uncinate fasciculus, and emanated from the cortex of 
BA25 – as such it is likely an important fibre tract affected 
by both surgical techniques that communicates between 
BA25 and the basolateral surface of the amygdala. 
The minor forceps are described as an important stim-
ulated tract for BA25 DBS as well as in the subcaudate 
ROI maps of Yang et al. [3, 7] and others [6, 11–13]; how-
ever, in our study the forceps minor fibres lay consistent-
ly outside our ROI, being too rostral, dorsal, and medial 
to lie within the subcaudate ROI. Given the majority of 
the fibres of the minor forceps extend across the genu of 
the corpus callosum before extending rostrally towards 
the frontal poles, the subcaudate tractotomy lesion is un-
likely to affect them unless the lesion extends significant-
ly rostrally and dorsally towards the genu of the corpus 
callosum.
Limitations
Whilst we have described the potential advantages of 
using native (non-normalized) imaging data sets in this 
study to reduce error accumulation during spatial trans-
formation, there are also limitations associated with this 
approach. In particular, individualized ROIs must be cre-
ated for each subject rather than use of a common nor-
malized ROI. Errors and variability can thus be poten-
tially created with each new subject relative to the prior 
subjects. We have excluded interobserver error related to 
this by having all ROIs created by the same researcher 
(K.B.), but there is still potential intra-observer error re-
lated to creating new ROIs for each subject. We have at-
tempted to minimize intra-observer error by adhering to 
strict descriptions of the anatomical boundaries of the 
ROI (as described in the Methods). 
We also note that our data set utilizes 32-directional 
DTI with 2 × 2 × 2.5 mm voxels. Whilst this was of a high 
standard at the time of imaging acquisition, increasingly 
DTI-based studies are using modern scanning techniques 
to achieve 64-directional DTI with 1-mm voxels. We 
would agree that such image quality would provide even 
greater detail than that described by us, but would be off-
set by increased signal noise and potential for increased 
motion artefact related to the longer acquisition times of 
64-directional DTI with smaller voxels. 
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Conclusion
The cingulum bundle, uncinate fasciculus, corticostri-
atal fibres, and corticothalamic fibres were consistently 
demonstrated within our model of the subcaudate trac-
totomy. Topographic location of the cingulum bundle 
location is very consistent between subjects, but there is 
extensive variability in the location of the uncinate fas-
ciculus (including its subgenual stem) and corticostriatal 
fibres. These findings and measurements have significant 
implications for neurosurgical ablative procedures as well 
as BA25 DBS target selection and provide further support 
for presurgical DTI to aid target selection.
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A B S T R A C T
Introduction: The subgenual cingulate gyrus (Brodmann's Area 25: BA25) is hypermetabolic in depression and
has been targeted successfully with deep brain stimulation. Two of the white matter tracts that play a role in
treatment response are the uncinate fasciculus (UF) and the cingulum bundle. The UF has three prefrontal stems,
the most medial of which extends from BA25 (which deals with mood regulation) and the most lateral of which
extends from the dorso-lateral prefrontal cortex (concerned with executive function). The cingulum bundle has
numerous ﬁbers connecting the lobes of the cerebrum, with the longest ﬁbers extending from BA25 to the
amygdala. We hypothesize that there is reduced integrity in the UF, speciﬁc to the medial prefrontal stems, as
well as in the subgenual and amygdaloid ﬁbers of the cingulum bundle. Our secondary hypothesis is that these
changes are present from the early stages of depression.
Objective: Compare the white matter integrity of stems of the UF and components of the cingulum bundle in ﬁrst-
onset depressed, recurrent/chronic depressed, and non-depressed control subjects.
Methods: Depressed patients (n=103, ﬁrst-onset= 57, chronic= 46) and non-depressed control subjects
(n=74) underwent MRI with 32-directional DTI sequences. The uncinate fasciculi and cingulum bundles were
seeded, and the fractional anisotropy (FA) measured in each of the three prefrontal stems and the body of the UF,
as well as the subgenual, body, and amygdaloid ﬁber components of the cingulum bundle. FA measurements
were compared between groups using ANOVA testing with post-hoc Tukey analysis.
Results: There were signiﬁcant reductions in FA in the subgenual and polar stems of the UF bilaterally, as well as
the subgenual and amygdaloid ﬁbers of the cingulum bundle, in depressed patients compared with controls
(p<0.001). There was no signiﬁcant diﬀerence seen in the lateral UF stem or the main body of the cingulum.
No signiﬁcant diﬀerence was demonstrated in any of the tracts between ﬁrst-onset and chronic depression pa-
tients.
Conclusion: Depressed patients have reduced white matter integrity in the subgenual and polar stems of the
uncinate fasciculi but not the lateral stems, as well as in the subgenual and amygdaloid cingulum ﬁbers. These
changes are present from the ﬁrst-onset of the disease.
1. Introduction
A large body of evidence now exists supporting the role of the
subgenual cingulate gyrus cortex (Brodmann's Area 25: BA25) as a key
cortical structure in depression pathophysiology and mood regulation
(Drevets et al., 2008b; Lozano et al., 2008; Mayberg, 1997, 2002a,b,
2003a,b, 2007, 2009). BA25 is hyperactive on PET imaging in healthy
controls with induced sadness and in patients with depression
(Mayberg, 2002a; Mayberg et al., 1997, 1999), with reversal of the
latter ﬁnding following anti-depressant treatment (Mayberg et al.,
1999). In addition, the cortical volume of BA25 is reduced in depressed
patients and increases with post-treatment remission (Botteron et al.,
2002; Yucel et al., 2009). Based on these ﬁndings, deep brain stimu-
lation (DBS) of the gray-white matter junction of BA25 has been un-
dertaken in patients with treatment-resistant depression, with moderate
response and remission rates (Lozano et al., 2008; Mayberg et al., 2005;
Riva-Posse et al., 2018; Abosch and Cosgrove, 2008).
The uncinate fasciculus (UF) is the largest white matter association
tract connecting the prefrontal cortex and the mesial temporal lobe, and
undergoes maturation in the 2nd and 3rd decades of life—being the last
https://doi.org/10.1016/j.jad.2018.04.055
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major association tract to complete myelination (Olson et al., 2015;
Simmonds et al., 2014; Von Der Heide et al., 2013). Its function in-
cludes prefrontal inhibition of mesial temporal lobe structures
(Hornberger et al., 2011; Mincic, 2015). The UF has shown reduced
white matter integrity as assessed by reduced fractional anisotropy (FA)
and mean diﬀusivity in diﬀusion tensor imaging (DTI) studies across a
variety of psychiatric conditions, including depression (Bracht et al.,
2015; LeWinn et al., 2014), anxiety disorder (Wang et al., 2016),
schizophrenia (Samartzis et al., 2014), psychopathy (Wolf et al., 2015),
and fronto-temporal dementia (Daianu et al., 2016). Within the frontal
lobe the UF splits into various prefrontal stems, with ﬁbers extending to
the lateral orbitofrontal/dorso-lateral prefrontal cortex (lateral stem),
fronto-polar cortex (polar stem), and recent evidence of UF ﬁbers ex-
tending medially beneath the ventral striatum toward BA25 (subgenual
stem) (Bhatia et al., 2012, 2017; Olson et al., 2015; Riva-Posse et al.,
2014; Vergani et al., 2016).
The cingulum bundle is also heavily implicated in depression pa-
thophysiology, with reduced integrity demonstrated in multiple DTI
studies (Bracht et al., 2015; LeWinn et al., 2014; Mincic, 2015). This
white matter bundle lies deep to the cingulate gyrus cortex and extends
from BA25 rostrally to the amygdala and hippocampus caudally
(Oishi et al., 2011). Surgical lesioning of the cingulum bundle has been
used successfully for the treatment of depression and ob-
sessive–compulsive disorder (dorsal cingulotomy) (Ballantine et al.,
1967; Bourne et al., 2013).
Given that cortical abnormalities in depression appear more marked
in BA25/subgenual cingulate gyrus, and integrity is reduced in the
cingulum bundle (that communicates between BA25 and the medial
temporal lobe), it is reasonable to hypothesize that demonstrated re-
ductions in UF integrity in depression relate mainly to those stems
extending toward BA25. By extension, we also hypothesize that there
may be relative sparing of lateral stem ﬁbers extending toward the
dorso-lateral prefrontal cortex/lateral orbitofrontal cortex—areas of the
brain more concerned with executive function than mood regulation
(and implicated to a greater extent in the negative symptoms of schi-
zophrenia) (Glahn et al., 2005; Potkin et al., 2009). Similarly, the cin-
gulum bundle contains extensive association ﬁbers between various
lobes of the cerebrum with only a subset of ﬁbers extending to BA25; as
such we hypothesize that reduced integrity of the cingulum bundle
would be most marked in the subgenual component of the bundle. Since
the onset of depression is most commonly in the 2nd and 3rd decades,
the same time period in which the UF undergoes ﬁnal maturation
(Simmonds et al., 2014), we propose a secondary hypothesis that re-
duced integrity in these ﬁbers would be present from the ﬁrst-onset of
the condition (and not just a secondary eﬀect of chronic disease).
2. Methods
2.1. Ethics
The Human Research Ethics Committees of St Vincent's Hospital,
Sydney and the University of Sydney granted ethical approval for this
project. All research was undertaken in accordance with the principles
of the Declaration of Helsinki.
2.2. Study design
Prospective controlled cohort study, with a depression arm and a
non-depressed healthy control arm. The depression arm contains sub-
groups of ﬁrst-onset depression and recurrent/chronic depression pa-
tients.
2.3. Recruitment and consent
Control subjects underwent screening with the Beck's Depression
Inventory 2nd edition (BDI-II) questionnaire, a 21-question self-
reporting inventory ﬁrst described in 1961 and updated in 1996 that
has been shown to be a valid and reliable tool for the assessment of
depression severity (Beck et al., 1961; Richter et al., 1998). Using this
scoring system, a score of greater than 13 is consistent with depression;
all of our recruited volunteers had a BDI-II score of ≤13.
Patients in the depression arm were assessed by the treating psy-
chiatrist as having a current moderate or severe major depressive epi-
sode (either ﬁrst-onset or as an exacerbation of a chronic depressive
disorder) fulﬁlling diagnostic criteria set out by DSM-IV and ICD-10
(American Psychiatric Association, 2000; World Health Organization,
2007). Imaging was undertaken within 4 weeks of diagnosis of the
major depressive episode. Patients with psychotic features or previously
diagnosed bipolar disorder were excluded from the study. The fol-
lowing clinical descriptors were also collated for the depression arm:
age of onset, number of major depressive episodes, prior electro-con-
vulsive therapy (ECT) treatment status, inpatient versus outpatient
status at time of imaging, number of prior anti-depressant medication
classes used/trialed, and current anti-depressant medication class in
use. Informed written consent was obtained for all procedures.
2.4. Image collection
All control and mood disorder arm subjects underwent MR imaging
of the brain using a 3-Tesla MRI scanner (Philips, Acheiva). Volunteers
lay supine within the scanner with their head immobilized in a head
coil. High-resolution three-dimensional T1-weighted anatomical image
sets were acquired (TE= 2.5ms, TR=5600ms, ﬂip angle= 8°, voxel
size= 0.8× 0.8× 0.8 mm). DTI data was acquired with a whole-brain
single-shot echo-planar pulse sequence (TR=8788ms, ﬂip
angle= 90°, 112× 112 matrix size, 224× 224mm FOV, 2.5 mm slice
thickness, 55 axial slices) with four image sets collected for each sub-
ject. For each slice, diﬀusion gradients were applied along 32 in-
dependent orientations with b= 1000 s/mm2 after the acquisition of
the b=0 s/mm2 (b0) images. T2, DWI/ADC, SWI, and axial FLAIR
sequences were also undertaken (but not assessed from a research
perspective) to exclude organic pathology as a cause of the patient's
symptoms.
Two patients initially recruited into the depression arm did not have
complete DTI sequence acquisition due to extensive susceptibility ar-
tifact in the frontal lobes from dental braces, and were excluded from
the study. One patient (aged 63) was excluded from the study due to
morphological features of probable fronto-temporal dementia on MRI
(a diagnosis later conﬁrmed on neuro-psychological testing).
2.5. Image processing
The diﬀusion-weighted images were motion corrected, coregistered
to one another and averaged to increase signal to noise ratio. Using the
32 directions and b0 images, the diﬀusion tensor was then calculated
using the method proposed by Basser and colleagues (Basser and
Pierpaoli, 1996). Using Philips DTI FiberTrak software (Philips, Neth-
erlands, 2012), the elements of the diﬀusion tensor were calculated and
fractional anisotropy (FA) maps were derived. Using the same software,
the T1 and DTI imaging were skull-stripped, co-registered, and under-
went eddy-correction. Normalization/spatial transformation was spe-
ciﬁcally not undertaken to avoid error accumulation in the micro-ar-
chitectural measurements of the white matter that might result from
spatial transformation (Alexander et al., 2001).
2.6. Region of interest (ROI) formation and tract identiﬁcation
A single investigator (KB) undertook all ROI formation, tract iden-
tiﬁcation, and collation of the results, as well as later data analysis
using a de-identiﬁed dataset in a blinded fashion in order to exclude
inter-observer error and bias in the study. The strict protocols and
margins for ROI formation outlined below were used to minimize intra-
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observer error.
Uncinate fasciculus: In each subject, using their fused T1 and DTI-
tractography sequences in native space, two customized ovoid regions
of interest (ROIs), a temporal ROI and a subcaudate ROI, were created
on a coronal slice at the level of the anterior commissure, for each
cerebral hemisphere (see Fig. 1A). The temporal ROI (ovoid 16mm X-
axis, 12.5 mm Z-axis) was placed over the white matter temporal stem
as it extended caudally (posteriorly) toward the caudal margin of the
insula. The subcaudate ROI (ovoid 24mm X-axis, 10mm Z-axis) was
placed over the white matter ventral (inferior) to the caudate head with
wide medial and lateral extensions to the medial cortex and the
claustrum respectively. These large ROI's were created to ensure com-
plete capture of all ﬁbers related to the UF, which is the only major
association tract that would cross both of these locations, with an ‘and’
algorithm used to include only ﬁbers that crossed both ROIs (see
Fig. 1B).
The placement of a subcaudate ROI in such a caudal/posterior lo-
cation diﬀers with many prior studies (which selected subcaudate ﬁbers
more rostrally) because we wished to ensure inclusion of any potential
medial ﬁbers to the subgenual cingulate gyrus that would likely exit the
main body of the tract more caudally than the fronto-polar or lateral
orbital gyri ﬁbers. A length ﬁlter requiring a minimum tract length of
20mm and a minimum FA (FA>0.15) was applied to reduce the
chance of artefactual tracts being included in the analysis. Finally, the
ﬁbers of each of the three prefrontal stems of the UF (lateral, polar, and
subgenual) were isolated from each other using a third ovoid ROI
centered on the peripheral aspect of each stem respectively using ‘and’
algorithms (see Fig. 2).
Cingulum bundle: Three separate 4-mm diameter spherical ROIs were
also created on a coronal slice to isolate the cingulum bundle (see
Fig. 3A–D). One ROI was placed within the main dorsal body, at the
level of the anterior commissure and immediately deep to the cingulate
cortex and dorsal to the anterior body of the corpus callosum. A second
ROI was placed within the subgenual/rostral component, at a point
halfway between the anterior commissure and the rostral border of the
genu of the corpus callosum, just deep to the cingulate cortex where it is
ventral to the rostrum of the corpus callosum. A third ROI was placed
over the cingulum bundle ﬁbers extending dorsally from the amygdala,
at the level of the posterior commissure, just deep to the medial cortex
Fig. 1. (A and B) Subcaudate and temporal ROIs for seeding the uncinate fas-
ciculus. (A) Temporal (red) and subcaudate (blue) ovoid regions of interest
(ROIs) projected onto a coronal T1 reference image. (B) Tractography seeding
of the uncinate fasciculus in the left cerebrum using the two ROIs (red—-
temporal, blue—subcaudate), superimposed on a coronal T1 anatomical re-
ference image. Note the presence of three prefrontal stems that extend to the
subgenual cingulate cortex (subgenual), fronto-polar cortex (polar), and lateral
orbital gyri (lateral). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 2. Prefrontal stems of the uncinate fasciculus. Tractography of the left
uncinate fasciculus (UF) superimposed on an axial T1 anatomical reference
image. Note the presence of a subgenual prefrontal stem extending to the
subgenual cingulate cortex (Brodmann's Area 25), a polar stem extending to the
fronto-polar cortex, and a lateral stem extending to the lateral orbital gyri. Also
note the uncus/hook of the UF curving around the posterior insula.
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of the parahippocampal gyrus. These amygdaloid ﬁbers were later
isolated from adjacent occipito-temporal fasciculus ﬁbers with an ad-
ditional circular ROI placed over non-cingulum bundle ﬁbers (as de-
termined with the aid of a white matter ﬁber atlas) (Oishi et al., 2011),
using a ‘but not’ algorithm.
2.7. Tract analysis and statistics
For the UF, the presence or absence of each of the prefrontal stems
(lateral, polar, subgenual) was noted. The fractional anisotropy (FA), a
biomarker of white matter integrity derived from the tendency of water
molecules to travel parallel rather than perpendicular to the long axis of
white matter tracts ranging from complete isotropy (0) to complete
anisotropy (1), was measured with the aid of FA maps. In each subject,
the average FA of the whole UF (measured at the body), as well as
within the temporal stem and each of the three prefrontal stems were
calculated (by isolating each stem with a third ROI as described above
and measuring the average FA for the ﬁbers in that stem). Average FA
values were also calculated at the main body of the cingulum, as well as
the subgenual/rostral components of the cingulum bundle (seeded via
the subgenual cingulum ROI) and the amygdaloid component (seeded
via the amygdaloid ROI) in each hemisphere. In addition, the voxel
count of the whole UF and the cingulum body were measured, as well as
for each ﬁber stem/component, to help determine the degree of shared
voxels between the stems and the whole.
For each tract and stem assessed in both the depression and control
arms, the mean FA value and 95% conﬁdence intervals were calculated
for each hemisphere. With seven tracts/stems to be compared in each
hemisphere, a Bonferroni-corrected α-value of 0.004 (classical α-value
of 0.05 divided by 14) was used. The FA values were compared between
groups using ANOVA testing with post-hoc Tukey analysis. Eight groups
were compared in the statistical analysis for each tract/stem: Healthy
controls, Depression (all), First-onset depression, Chronic depression,
Male depression, Female depression, Younger depression (younger than
median: age 13–30), and Older depression (older than median: age
32–71). These groupings allow for comparisons between healthy con-
trols, ﬁrst-onset depression, and chronic depression patients, as well as
assessing for the impact of age and gender upon the results. XLSTAT
Version 19.4 (Addinsoft, 2018) statistical software was used for the
statistical analysis.
3. Results
3.1. Demographics and clinical descriptors
The depression arm contained 103 patients (M=49, F=54, Ages
13–71, μ=34.5) of which 57 patients had ﬁrst-onset depression and 46
patients had recurrent depression. The control arm contained 74 sub-
jects (M=38, F= 36, Ages 18–78, μ=39.2), all of whom had a BDI-II
score of 13 or less (0–13, μ=4). The collated clinical descriptors
(outlined in Section 2) and the demographics results are summated in
Table 1.
3.2. Tract/stem prevalence
The prevalence of visualization of each assessed tract and stem
within the major study groups is summarized in Tables 2a and b. The
A
B
C
D
Fig. 3. (A–D) The cingulum bundle. (A) The entire course of the left cingulum
bundle (yellow) is demonstrated with tractography superimposed on a mid-
sagittal T1 anatomical reference image. Note the presence of ﬁbers extending
from the amygdala to the subgenual cingulate cortex (Brodmann's Area 25).
Please also note the presence of multiple ﬁber connections to all lobes of the
cerebrum that potentially obscures reductions in integrity speciﬁc to the sub-
genual/amygdaloid ﬁbers when measured at the body rather than when iso-
lated in the subgenual or amygdaloid regions. (B) Left cingulum bundle
(yellow) superimposed on a mid-sagittal T1 anatomical reference image, with
the three spherical ROIs used for tractography: body—red, subgenual—blue,
amygdaloid—purple demonstrated. (C) Cingulum bundle and ROIs in a coronal
view. (D) Cingulum bundle and ROIs in an oblique view. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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cingulum bundle and the UF body were identiﬁed bilaterally in all
control and depressed patients. The UF stems were identiﬁed at similar
rates in the control and depressed groups.
3.3. Fractional anisotropy
The results of the FA measurements for each tract and stem in the
control and depression group (n= 103) are summarized in Table 3. The
statistical testing results using the ANOVA test with post-hoc Tukey
analysis are summarized in Table 4 for the UF and Table 5 for the
cingulum bundle. For both cerebral hemispheres, there was a statisti-
cally signiﬁcant reduction in FA (p< 0.001) when comparing each of
the three depression groups (all, ﬁrst-onset, chronic) with the control
group within the UF body, UF subgenual stem, UF polar stem, as well as
the subgenual and amygdaloid ﬁbers of the cingulum bundle. No sig-
niﬁcant diﬀerence was demonstrated in the UF lateral stem or the body
of the cingulum bundle. No signiﬁcant diﬀerence was demonstrated
between the ﬁrst-onset and chronic depression groups in any of the
tracts/stems. No signiﬁcant diﬀerence in FA was demonstrated in any of
the tracts/stems between the lower and upper halves of the age groups
or between genders within the depression cohort.
4. Discussion
4.1. Major ﬁndings
We have demonstrated signiﬁcant reductions in mean FA, a measure
of white matter integrity, in the body, subgenual stem, and polar stem
of the UF in depressed patients compared with non-depressed control
subjects. No signiﬁcant diﬀerence was seen in the lateral stem of the
UF. In addition, signiﬁcant reductions were also seen in the isolated
subgenual and amygdaloid ﬁbers of the cingulum bundle, but not when
measured at the cingulum body. No signiﬁcant diﬀerence was demon-
strated between ﬁrst-onset and chronic depression groups in any tract/
stem.
4.2. Anatomical and functional signiﬁcance
The increasing body of evidence supporting the central role of the
subgenual cingulate cortex (BA25) in mood regulation and depression
pathophysiology has signiﬁcantly altered our understanding and the
surgical approach to mood disorders (Drevets, 2001; Drevets et al.,
2008a,b; Mayberg, 1997, 2002a,b, 2003a,b, 2007). In addition, there is
evidence supporting the role of the remainder of the ventro-medial
prefrontal cortex (such as the medial orbito-frontal cortex and gyrus
Table 1
Demographics and clinical descriptors of the patient groups.
Healthy
controls
Depression arm First-onset
depression
Chronic
depression
Number 74 103 57 46
Age μ 39.2 34.5 19.9 48.1
Range 18–78 13–71 13–28 23–71
Σ 16.7 18.1 4.4 15.0
Median 35 31 21 45.5
Age comparisons
between
groups: t-test
Control vs
depression
p= 0.314 First-onset
vs chronic
p< 0.001
Gender F 36 54 30 24
M 38 49 27 22
Age of onset μ 20.4 19.9 21.6
Range 13–41 13–28 15–41
Number of
depression
episodes, μ
0 2.1 1 3.4
Prior ECT 0 9 0 9
Inpatient 0 31 19 12
Number of prior
medication
classes, μ
0 2.3
Current
medication
class
SSRI 33 20
SNRI 16 17
NaSSA 8 7
TCA 0 6
MAOI 0 1
Multiple 0 5
ECT, electro-convulsive therapy; SSRI, Selective Serotonin Reuptake Inhibitor;
SNRI, Serotonin-Noradrenaline Reuptake Inhibitor; NaSSA, Noradrenergic and
Speciﬁc Serotonergic Antidepressant; TCA, Tricyclic Antidepressant; MAOI,
Monoamine Oxidase Inhibitor.
Table 2a
Visualization of the stems of the uncinate fasciculus in the study groups.
Cohort Left/right Body UF Lateral UF
stem
Polar
UF stem
Subgenual UF
stem
Depression (all) Left 103/103 97/103 103/
103
100/103
Right 103/103 99/103 102/
103
98/103
First-onset
depression
Left 57/57 55/57 57/57 55/57
Right 57/57 56/57 57/57 56/57
Chronic
depression
Left 46/46 42/46 46/46 45/46
Right 46/46 43/46 45/46 42/46
Control Left 74/74 63/74 73/74 65/74
Right 74/74 60/74 74/74 70/74
Control
Number of
voxels: μ
Left 582 122 213 114
95% CI 473 - 687 73 - 175 188-
274
67 - 158
Μ Right 571 108 221 103
95% CI 459 - 677 65 - 159 176-
287
54 - 151
UF, Uncinate fasciculus. Left and right refer to the left and right cerebral
hemispheres. Number of voxels: body UF—total voxel number; stems—voxels
in common with the body of the UF.
Table 2b
Visualization of the components of the cingulum in the study groups.
Cohort Left/right Body
cingulum
Subgenual
ﬁbers cingulum
Amygdaloid
ﬁbers cingulum
Depression (all) Left 103/103 94/103 96/103
Right 103/103 97/103 98/103
First-onset
depression
Left 57/57 52/57 51/57
Right 57/57 54/57 49/57
Chronic
depression
Left 46/46 41/46 40/46
Right 46/46 44/46 41/46
Control Left 74/74 68/74 64/74
Right 74/74 65/74 61/74
Control
Number of
voxels: μ
95% CI Left 492 93 115
383 - 596 58 - 137 69 - 141
Μ Right 513 102 109
95% CI 407 - 612 68 - 132 63 - 135
UF, Uncinate fasciculus. Left and right refer to the left and right cerebral
hemispheres. Number of voxels: body cingulum—total voxel number; sub-
genual and amygdaloid ﬁber components—voxels in common with the body of
the cingulum.
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rectus) in mood regulation (Drevets, 2007; Mincic, 2015). The amyg-
dala is also considered a key structure in depression pathophysiology,
demonstrating hyperactivity in depressed patients (Bechara et al., 2000;
Drevets, 2003; Keightley et al., 2003). Furthermore, two white matter
tracts which have been consistently shown to have reduced integrity in
individuals with depression are the cingulum bundle and the UF (Bracht
et al., 2015; Korgaonkar et al., 2014; LeWinn et al., 2014; Mincic, 2015;
Vergani et al., 2016; Von Der Heide et al., 2013). Both of these tracts
contain ﬁbers that extend between BA25 and the amygdala (Bhatia
et al., 2017; Bracht et al., 2015; Olson et al., 2015; Von Der Heide et al.,
2013).
However, the UF has extensive prefrontal ﬁbers that extend beyond
the ventro-medial prefrontal cortex, in particular a lateral stem that
communicates with the lateral orbito-frontal cortex and the dorso-lat-
eral prefrontal cortex (Olson et al., 2015; Thiebaut de Schotten et al.,
2012). These regions of the prefrontal cortex have been more often
associated with executive functioning rather than mood regulation, and
are thought to play a greater role in the negative symptoms of psychotic
disorders (Bechara et al., 2000; Cheng et al., 2016; Drevets, 2007;
Glahn et al., 2005; Lemogne et al., 2009, 2010; Potkin et al., 2009). Our
ﬁndings of reduced integrity in the medial components of the UF
(subgenual and polar stems), with relative sparing of the lateral stem
supports a neuro-anatomical model seen with functional imaging stu-
dies and previously demonstrated cingulum bundle ﬁndings that im-
plicate cingulate-amygdaloid circuit dysfunction in depression. Our
ﬁndings also help point away from a more generalized model of
Table 3
Fractional anisotropy (FA) in the depression group vs. control group.
Left Right
Tract Depression n=103 Control n= 74 Depression n=103 Control n= 74
UF body μ 95% CI 0.37 (0.33–0.40) 0.44 (0.41–0.49) 0.38 (0.32–0.41) 0.45 (0.41–0.50)
UF subgenual μ 95% CI 0.36 (0.29–0.39) 0.43 (0.40–0.47) 0.35 (0.29–0.39) 0.43 (0.39–0.48)
UF Polar μ 95% CI 0.38 (0.35–0.44) 0.44 (0.40–0.49) 0.39 (0.36–0.45) 0.43 (0.40–0.48)
UF lateral μ 95% CI 0.42 (0.39–0.47) 0.43 (0.40–0.48) 0.43 (0.39–0.47) 0.44 (0.40–0.49)
Cingulum body μ 95% CI 0.41 (0.38–0.45) 0.43 (0.39–0.47) 0.42 (0.39–0.44) 0.43 (0.39–0.46)
Cingulum subgenual μ 95% CI 0.32 (0.29–0.36) 0.42 (0.39–0.47) 0.33 (0.27–0.38) 0.42 (0.40–0.46)
Cingulum amygdaloid μ 95% CI 0.37 (0.32–0.40) 0.41 (0.37–0.44) 0.35 (0.31–0.39) 0.40 (0.35–0.44)
UF, Uncinate fasciculus. Left and right refer to the left and right cerebral hemispheres.
Table 4
Uncinate fasciculus (UF): statistical results comparing fractional anisotropy (FA) between groups with ANOVA testing.
Side Left Right
Stem Body Subg Polar Lat Body Subg Polar Lat
ANOVA
p-value <0.001 <0.001 <0.001 0.093 <0.001 <0.001 <0.001 0.187
F 14.8 15.2 13.1 9.2 13.7 11.5 9.8 14.2
Posthoc Tukey
Group 1 Group 2
HC DA <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
FOD <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CD <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Young <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Older <0.001 <0.001 <0.001 <0.001 <0.001 0.002
Male <0.001 0.002 <0.001 <0.001 <0.001 <0.001
Female <0.001 <0.001 0.003 <0.001 <0.001 <0.001
DA FOD 0.277 0.339 0.138 0.188 0.214 0.073
CD 0.350 0.324 0.113 0.336 0.364 0.412
Young 0.088 0.211 0.073 0.210 0.108 0.196
Older 0.332 0.067 0.091 0.164 0.059 0.113
Male 0.285 0.211 0.086 0.189 0.083 0.079
Female 0.072 0.368 0.165 0.094 0.175 0.064
FOD CD 0.122 0.092 0.311 0.214 0.137 0.074
Young 0.369 0.219 0.452 0.352 0.331 0.283
Older 0.085 0.062 0.106 0.076 0.093 0.264
Male 0.217 0.140 0.218 0.183 0.163 0.381
Female 0.154 0.256 0.167 0.279 0.184 0.139
CD Young 0.068 0.081 0.094 0.158 0.077 0.104
Older 0.372 0.231 0.173 0.215 0.162 0.263
Male 0.273 0.295 0.386 0.174 0.253 0.155
Female 0.364 0.152 0.326 0.318 0.412 0.095
Young Older 0.104 0.069 0.256 0.133 0.058 0.129
Male 0.253 0.133 0.278 0.312 0.092 0.243
Female 0.242 0.314 0.074 0.382 0.317 0.271
Older Male 0.183 0.242 0.172 0.227 0.210 0.131
Female 0.154 0.381 0.341 0.318 0.152 0.070
Male Female 0.093 0.167 0.151 0.319 0.132 0.320
Body, body of the uncinate fasciculus; Subg, subgenual stem; Polar, polar stem; Lat, lateral stem. HC, healthy controls; DA, depression all; FOD, ﬁrst-onset depression;
CD, chronic depression. Young—younger depression: Age 13–30 (median 31), Older—older depression: Age 32–71. Male—male depression, Female—female de-
pression.
K.D. Bhatia et al. -RXUQDORI$IIHFWLYH'LVRUGHUV²

68
depression where there is diﬀuse non-speciﬁc loss of connectivity in the
fronto-temporal white matter secondary to chronic diﬀuse cortical
dysfunction.
Our ﬁndings of reduced white matter integrity in the subgenual and
amygdaloid components of the cingulum bundle but not the main
dorsal cingulum body are also supportive of a more speciﬁc neuro-
anatomical approach to depression. The cingulum bundle has multiple
input and output ﬁbers extending to all lobes of the brain (see Fig. 3A).
Thus it would stand to reason that reductions in the integrity of those
ﬁbers connecting the two polar ends of the tract (BA25 and the
amygdala) would be more easily detected when investigated separately,
compared with the entirety of the cingulum bundle (seeded within the
dorsal body) where such speciﬁc alterations would be hidden/diluted
among the mass of ﬁbers. These ﬁndings again point away from a dif-
fuse model of generalized non-speciﬁc white matter impairment in
depression.
4.3. Implications for surgical targeting
Moderate response rates for patients with treatment-resistant de-
pression who underwent bilateral DBS of the BA25 gray-white matter
junction has added to evidence supporting the role of BA25 in mood
regulation (Lozano et al., 2008; Mayberg et al., 2005). These promising
response rates have however been tempered by a recent negative ran-
domized controlled trial in which stimulated patients showed no
signiﬁcant additional antidepressant eﬀect over sham-stimulation pa-
tients over an initial 6 month period; the long term results of this study
are still awaited (Holtzheimer et al., 2017). Stimulation of the under-
lying white matter tracts is increasingly believed to play a signiﬁcant
role in determining patient response to DBS, with such response likely
impacted upon by inter-individual variations in white matter anatomy
and degree of tract dysfunction (Johansen-Berg et al., 2008; Riva-Posse
et al., 2014). These variations have inspired the recent use of pre-op-
erative DTI to aid targeted selection to speciﬁcally activate four critical
white matter pathways—the cingulum, UF, cortico-striatal ﬁbers, and
the forceps minor. This connectotome approach was associated with a
high response rate (9/11 patients), albeit in small numbers (Riva-
Posse et al., 2018).
The ﬁndings of this study provide further evidence of reduced white
matter integrity in tracts communicating with BA25. The subgenual
stem in particular extends from BA25 to the amygdala, and would thus
represent an attractive target for the connectotome approach to sti-
mulation, as opposed to a generalized stimulation of the UF. The pla-
cement of electrodes adjacent to BA25 would almost certainly stimulate
the cingulum bundle, as has been seen in connectivity studies on DBS
responders (Choi et al., 2015; Gutman et al., 2009; Johansen-Berg et al.,
2008; Riva-Posse et al., 2014, 2018).
4.4. First-onset versus recurrent/chronic depression groups
We hypothesized that there would be no signiﬁcant diﬀerence in
white matter integrity in the aﬀected tracts between ﬁrst-onset de-
pression and recurrent/chronic depression groups. This was on the basis
that the onset of most cases of depression coincides with the time of
maturation/ﬁnal myelination of the fronto-temporal white matter
tracts, in particular the UF (Olson et al., 2015; Simmonds et al., 2014).
As such, we anticipated that these tracts would show reduced integrity
early in the course of the disease as opposed to a more generalized
secondary loss of integrity resulting from chronic disease.
Such a hypothesis is more diﬃcult to test given that it is known that
fractional anisotropy and other biomarkers such as mean diﬀusivity
deteriorate slowly with increasing age (after the age of 30), and our
chronic depression cohort is older than our ﬁrst-onset depression group.
However, we hypothesized such subtle chronic age-related reduction
would be overwhelmed by the overall reductions in white matter in-
tegrity in depression patients compared with controls, and that early/
ﬁrst-onset presence of such reductions would at least partially counter
the eﬀects of aging. In addition, FA progressively increases from
childhood up to the age of 30 in the fronto-temporal white matter tracts
(Simmonds et al., 2014), and as such there would likely be a counter-
balance eﬀect from the younger patients in the ﬁrst-onset depression
arm. These hypotheses are borne out in the results, in which no sig-
niﬁcant diﬀerence was demonstrated between ﬁrst-onset and chronic
depression groups or between the younger and older halves of the de-
pression cohort.
However, both the ﬁrst-onset and the chronic depression groups
demonstrated signiﬁcantly reduced FA compared with healthy controls
in the same anatomical distribution as the summated depression versus
control comparisons. These ﬁndings support our hypothesis that re-
duced integrity in the cingulate-amygdaloid circuit is present from the
early stages of the disease, and conforms to the medial anatomical
pattern seen in the summated depression group. Our ﬁndings again
point away from a model of depression in which white matter con-
nectivity changes are a progressive diﬀuse non-speciﬁc response to
chronic psychiatric disease.
4.5. Limitations
While we believe our sample sizes of 103 depressed patients and 74
non-depressed controls provide moderate evidence strength to support
our hypotheses, it is clear that these ﬁndings would need to be further
Table 5
Cingulum bundle: Statistical results comparing fractional anisotropy (FA) be-
tween groups with ANOVA testing.
Side Left Right
Stem Body Subg Amyg Body Subg Amyg
ANOVA
p-value 0.072 <0.001 <0.001 0.081 <0.001 <0.001
F 11.2 13.2 16.7 9.4 8.9 14.3
Posthoc Tukey
Group 1 Group 2
HC DA <0.001 <0.001 <0.001 <0.001
FOD <0.001 <0.001 <0.001 <0.001
CD <0.001 <0.001 <0.001 <0.001
Young <0.001 <0.001 <0.001 <0.001
Older 0.002 <0.001 <0.001 <0.001
Male <0.001 0.002 <0.001 0.003
Female 0.003 <0.001 0.002 <0.001
DA FOD 0.185 0.318 0.413 0.255
CD 0.079 0.211 0.210 0.310
Young 0.312 0.416 0.197 0.402
Older 0.142 0.261 0.103 0.078
Male 0.241 0.317 0.217 0.062
Female 0.127 0.083 0.362 0.091
FOD CD 0.058 0.165 0.217 0.172
Young 0.219 0.243 0.145 0.518
Older 0.061 0.193 0.070 0.093
Male 0.258 0.208 0.231 0.162
Female 0.511 0.140 0.374 0.171
CD Young 0.041 0.182 0.146 0.062
Older 0.316 0.398 0.263 0.058
Male 0.125 0.169 0.367 0.230
Female 0.132 0.078 0.173 0.105
Young Older 0.123 0.061 0.088 0.135
Male 0.107 0.140 0.160 0.174
Female 0.085 0.096 0.251 0.077
Older Male 0.080 0.311 0.061 0.246
Female 0.171 0.210 0.104 0.310
Male Female 0.150 0.215 0.282 0.079
Body, body of the cingulum bundle; Subg, subgenual ﬁbers; Amyg, amygdaloid
ﬁbers. HC, healthy controls; DA, depression all; FOD, ﬁrst-onset depression; CD,
chronic depression. Young—younger depression: Age 13–30 (median 31),
Older—older depression: Age 32–71. Male—male depression, Female—female
depression.
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assessed in larger population studies (e.g. n> 1000). The use of the
BDI-II in this study to screen healthy controls for features of depression
is limited by the fact that it is a self-reporting measure rather than an
observer-rated scale (such as the Hamilton Rating Scale), and as such
can be inﬂuenced by non-depressive psychological factors such as
neuroticism and agreeableness (Enns et al., 2000).
This study utilized native (non-normalized) image datasets in order
to reduce the chance of error accumulation during spatial transforma-
tion that may aﬀect the accuracy of micro-architectural measurements
such as FA (Alexander et al., 2001). However, such a time-consuming
approach would be impractical in larger population studies of n>1000
for which normalization would be required. This is unlikely to have a
large impact on accuracy as the tracts we identiﬁed with reduced in-
tegrity in this study are more medial/centralized and as such are likely
less vulnerable to error accumulation during spatial transformation
than more peripheral tracts such as the lateral stem of the UF
(Alexander et al., 2001). However, the use of native data in this study
was valuable to ensure accurate measurements from those more per-
ipheral ﬁbers.
The use of native rather than normalized datasets had both ad-
vantages (described above) and limitations. The most important lim-
itation is the predisposition to errors in the individualized creation of
ROIs for each subject, allowing for small diﬀerences between subjects.
We have minimized inter-observer error from this limitation by having
all ROIs created and tractography assessed by the same researcher (KB).
There is still potential intra-observer error accumulation between sub-
jects, which we have attempted to minimize by using strict criteria with
detailed anatomical boundaries and consistent diameters (outlined in
Section 2).
Finally, our imaging involved 32-directional DTI with
2× 2× 2.5 mm voxels, which was considered of a high standard at the
time of imaging acquisition. However, there has been increasing use of
64-directional DTI with 1mm voxels in emerging research that has the
potential to be more accurate and provide greater detail. These po-
tential beneﬁts are however partially oﬀset by the increased sequence
acquisition time of 64-directional DTI that would result in greater pa-
tient motion artifacts.
5. Conclusion
Depressed patients have reduced white matter integrity in the sub-
genual and polar stems of the UF, but not the lateral stem. They also
have reduced integrity in the subgenual and amygdaloid ﬁbers but not
the main body of the cingulum bundle. The same anatomical pattern of
changes was seen in both ﬁrst-onset and chronic depression patients.
These results suggest speciﬁc dysfunction of the cingulate-amygdaloid
circuit in depression, present from early in the course of the disease.
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5.1	Abstract	The	 uncinate	 fasciculus	 (UF)	 is	 the	 largest	 white	 matter	 association	 tract	connecting	the	frontal	and	medial	temporal	lobes,	and	has	three	prefrontal	stems	extending	to	the	subgenual	cingulate	cortex	(Brodmann’s	Area	25)	–	a	subgenual	stem,	the	fronto-polar	cortex	–	a	polar	stem,	and	the	lateral	prefrontal	cortex	–	a	
lateral	 stem.	Given	the	differing	 implicated	roles	of	 the	dorso-lateral	prefrontal	cortex	 in	 the	 negative	 symptoms	 of	 psychosis	 compared	 with	 the	 subgenual	cingulate	 cortex	 in	 depression,	 we	 hypothesized	 that	 there	 would	 be	 reduced	integrity	of	the	lateral	stem	of	the	UF	with	relative	sparing	of	the	subgenual	stem	in	patients	with	psychosis,	and	that	these	changes	would	be	present	from	first-onset.			Diffusion	tensor	imaging	was	acquired	in	first-onset	psychosis	patients	without	affective	features	(n=53)	and	age-matched	healthy	controls	(n=50),	seeding	the	body	before	isolating	the	three	prefrontal	stems	of	the	UF,	as	well	as	seeding	the	cingulum.	There	were	statistically	significant	(p<0.001)	reductions	 in	 fractional	anisotropy	in	the	lateral	and	polar	stems,	but	not	the	subgenual	stem	of	the	UF	or	the	cingulum	bilaterally.			These	results	indicate	that	patients	with	first-onset	psychosis	have	loss	of	white	matter	 integrity	 from	 early	 in	 the	 clinical	 course	 of	 their	 condition,	 with	significant	 involvement	 of	 the	 lateral/polar	 stems	 and	 relative	 sparing	 of	 the	subgenual	stem	of	the	UF.	This	is	the	first	published	stem-by-stem	analysis	of	the	UF	in	patients	with	psychosis.	
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5.2	Background	The	 uncinate	 fasciculus	 (UF)	 is	 a	 hook-shaped	 white	 matter	 association	 tract	connecting	the	prefrontal	cortex	with	the	mesial	temporal	lobe,	and	is	the	largest	association	tract	between	the	frontal	and	temporal	lobes	(Thiebaut	de	Schotten	et	al.	2012).	 It	 is	 the	 final	major	white	matter	association	 tract	 to	mature,	with	peak	 myelination	 extending	 well	 into	 the	 3rd	 decade	 of	 life	 (Simmonds	 et	 al.	2014;	 Lebel	 et	 al.	 2012;	 Paus	 et	 al.	 2008).	 Whilst	 many	 functions	 have	 been	ascribed	 to	 it,	 it	 is	 believed	 to	 play	 a	 key	 role	 in	 prefrontal	 inhibition	 of	 the	mesial	 temporal	 lobe	 structures,	 in	 particular	 the	 amygdala	 (Hornberger	 et	 al.	2011;	Mincic	2015;	Olson	et	al.	2015).			
Anatomy	of	the	uncinate	fasciculus	(UF)	Containing	a	common	temporal	stem	of	the	UF	that	extends	to	the	temporal	pole	and	 amygdala,	 the	 tract	 extends	 caudally	 to	 reach	 the	 posterior	margin	 of	 the	Sylvian	 fissure	 and	 ascends	dorsally	within	 the	 anatomical	 temporal	 stem	 that	forms	 the	 white	 matter	 root	 of	 the	 temporal	 lobe	 (Ebeling	 and	 von	 Cramon	1992).	The	UF	derives	its	name	from	the	hook	shaped	morphology	created	as	its	fibers	 curve	 around	 the	 posterior	 margin	 of	 the	 Sylvian	 fissure	 within	 the	anatomical	 temporal	 stem	 (uncus)	 and	 the	 fibers	 then	 extend	rostrally/anteriorly	in	the	external	capsule	(body)	towards	the	subcaudate	white	matter	(Olson	et	al.	2015;	Von	Der	Heide	et	al.	2013;	Thiebaut	de	Schotten	et	al.	2012;	 K.	 Bhatia	 et	 al.	 2012).	 From	 here	 there	 are	 medial	 fibers	 extending	towards	 the	 subgenual	 cingulate	 gyrus	 (Brodmann’s	 Area	 25:	 BA25)	 –	 a	
subgenual	stem	(Riva-Posse	et	al.	2017;	Riva-Posse	et	al.	2014;	Choi	et	al.	2015;	Johansen-Berg	 et	 al.	 2008;	 Gutman	 et	 al.	 2009;	 K.	 Bhatia	 et	 al.	 2017),	 rostral	
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fibers	 extending	 to	 the	 frontal	 pole	 and	 medial	 orbital	 gyri	 –	 a	 polar	 stem	(Ebeling	and	von	Cramon	1992),	and	lateral	fibers	extending	to	the	lateral	orbital	gyri	 and	 dorso-lateral	 prefrontal	 cortex	 (DLPFC)	 –	 a	 lateral	 stem	 (Olson	 et	 al.	2015;	Von	Der	Heide	et	al.	2013;	K.	Bhatia	et	al.	2017;	Ebeling	and	von	Cramon	1992).	The	medial	subgenual	fibers	extending	between	BA25	and	the	amygdala	have	 been	 implicated	 as	 an	 important	 stimulation	 target	 in	 deep	 brain	stimulation	of	BA25	 for	 treatment-resistant	depression	 (Choi	et	al.	2015;	Riva-Posse	et	al.	2017;	Riva-Posse	et	al.	2014;	K.	Bhatia	et	al.	2017).			
White	matter	and	cortical	abnormalities	in	psychosis	and	depression	The	UF	has	shown	reduced	tract	integrity,	as	measured	by	fractional	anisotropy	(FA)	and	mean	diffusivity	(MD),	 in	a	variety	of	psychiatric	conditions	 including	schizophrenia	 (Samartzis	 et	 al.	 2014;	Bopp	 et	 al.	 2017;	Kunimatsu	 et	 al.	 2012;	Singh	 et	 al.	 2016;	 Kitis	 et	 al.	 2012),	 first-episode	 psychosis	 (Zhou	 et	 al.	 2017;	Serpa	et	al.	2017;	Samartzis	et	al.	2014;	Kyriakopoulos	and	Frangou	2009;	Price	et	 al.	 2008),	 depression	 (Korgaonkar	 et	 al.	 2014;	 LeWinn	 et	 al.	 2014;	 Mincic	2015),	 fronto-temporal	 dementia	 (Daianu	 et	 al.	 2015),	 and	 psychopathy	 (R.	 C.	Wolf	et	al.	2015).	Whilst	these	previous	investigations	reported	changes	in	whole	UF	 microstructural	 properties,	 they	 did	 not	 separately	 isolated	 and	 analyzed	fibers	 of	 the	 different	 prefrontal	 stems;	 however	 the	 three	 prefrontal	 stems	extend	 to	 anatomically	 separate	 cortical	 targets	 associated	 with	 markedly	differing	functions.			For	 example,	 the	 DLPFC	 (lateral	 stem)	 has	 been	 implicated	 as	 a	 potential	neuroanatomical	 contributor	 to	 the	 reduced	 executive	 function/negative	
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symptoms	of	psychosis,	showing	reduced	cortical	volumes	and	hypometabolism	in	 psychosis,	 with	 symptomatic	 improvement	 in	 negative	 symptoms	 following	transcranial	magnetic	stimulation	(Glahn	et	al.	2005;	Potkin	et	al.	2009;	Volpe	et	al.	 2012;	 Shi	 et	 al.	 2014).	 On	 the	 other	 hand	 BA25	 (subgenual	 stem)	 has	 been	more	heavily	 implicated	 in	 depression,	with	 hypermetabolism	on	PET	 imaging	that	 reverses	 with	 anti-depressant	 treatment,	 and	 symptomatic	 improvement	with	 targeted	 deep	 brain	 stimulation	 (Mayberg	 et	 al.	 1999;	 Liotti	 et	 al.	 2002;	Mayberg	 et	 al.	 2005).	 Of	 course	 there	 is	 a	 subgroup	 of	 patients	 that	 lie	 on	 a	spectrum	between	psychotic	and	mood	disorders	in	whom	both	cortical	regions	may	 play	 significant	 roles	 e.g.	 schizoaffective	 disorder	 or	 depression	 with	psychotic	 features	 (Busatto	 2013;	 Landin-Romero	 et	 al.	 2017;	 Dazzan	 et	 al.	2012).			Since	there	are	potential	differences	in	the	roles	of	areas	such	as	the	DLPFC	and	BA25	in	various	psychiatric	conditions,	 it	 is	possible	that	discrete	white	matter	changes	 in	 different	 UF	 stems	 are	 also	 associated	with	 these	 differences.	 This	hypothesis	 is	 supported	 by	 our	 recently	 published	 findings	 demonstrating	reduced	 FA	 in	 the	 subgenual	 and	 polar	 stems	 of	 the	 UF	 in	 103	 patients	 with	depression,	with	relative	sparing	of	the	lateral	stem	(K.	D.	Bhatia	et	al.	2018).	A	detailed	stem-by-stem	separation	and	analysis	of	the	components	of	the	uncinate	fasciculus	has	not	been	previously	published	in	patients	with	psychosis.		
Hypotheses	We	hypothesize	that	the	lateral	stem	of	the	UF	would	be	more	markedly	affected	in	 patients	 with	 psychosis	 (without	 significant	 affective	 features)	 than	 the	
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subgenual	 stem.	 Secondarily,	 we	 hypothesize	 that	 these	 changes	 would	 be	present	from	the	initial	presentation	of	psychosis,	given	that	the	age	of	onset	of	psychosis	 in	 the	 majority	 of	 patients	 coincides	 with	 the	 period	 of	 final	maturation/myelination	of	the	UF.			5.3	Methods	
Ethics	The	Human	Research	Ethics	Committees	of	 St	Vincent’s	Hospital,	NSW	and	 the	University	 of	 Sydney	 granted	 ethics	 approval	 for	 this	 project	 (HREC	Reference	Number	 LNR/13/SVH/134).	 All	 research	 was	 undertaken	 according	 to	 the	principles	of	the	Declaration	of	Helsinki.		
Study	design	Prospective	controlled	cohort	study	containing	a	first-episode	psychosis	arm	of	patients	and	an	age-matched	healthy	control	arm.			Power	 testing	 for	 sample	 size	 estimation	 performed	 using	 a	 Bonferroni-corrected	α-value	of	0.005	(11	hypotheses),	a	power	value	of	95%,	and	designed	to	detect	a	reduction	in	mean	FA	within	the	uncinate	fasciculus	body	of	0.02	with	a	 known	 standard	deviation	of	σ=0.02	 (K.	Bhatia	 et	 al.	 2017),	 determined	 that	the	cohort	sizes	should	number	n	≥	36.			
Recruitment	and	consent	Control	 arm	 subjects	 (n=50)	 had	 no	 history	 of	 psychiatric	 disease.	 They	 also	underwent	screening	with	 the	Beck’s	Depression	 Inventory	2nd	edition	(BDI-II)	
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questionnaire	(Beck	et	al.	1961;	Richter	et	al.	1998).	Using	this	scoring	system,	a	score	 of	 greater	 than	 13	 is	 consistent	 with	 depression;	 all	 of	 our	 recruited	volunteers	had	a	BDI-II	 score	of	≤	13.	Age	matching	was	performed	(in	decade	cohorts)	 to	 minimize	 the	 impact	 of	 age	 upon	 the	 analyses,	 with	 n=50	 control	subjects	included	in	the	study	(out	of	a	total	initial	control	bank	of	n=74).			Patients	in	the	first-episode	psychosis	arm	(n=53)	were	assessed	by	the	treating	psychiatrist	 as	 having	 a	 first-ever	 acute	 psychotic	 episode,	 fulfilling	 ICD-10	diagnostic	 criteria	 for	 an	 acute	 psychotic	 episode	 (World	 Health	 Organization	2007).	 Patients	with	 a	 prior	 history	 of	 psychotic	 episodes,	 bipolar	 or	 unipolar	depression,	 drug-induced	 psychosis,	 depression	 with	 psychotic	 features,	 or	schizoaffective	disorder	were	excluded.	The	patients	were	also	screened	prior	to	imaging	for	symptoms	of	depression	using	the	BDI-II,	and	excluded	if	the	BDI-II	score	 was	 >	 13.	 	Whilst	 a	 formal	 psychosis	 symptom	 scoring	 system	was	 not	utilized,	 it	 was	 noted	 whether	 the	 patients	 had	 positive	 symptoms	(hallucinations,	delusions,	hostility),	negative	symptoms	(blunt	affect,	emotional	withdrawal,	 impaired	 abstract	 thinking),	 or	 both.	 The	 duration	 of	symptomatology,	 anti-psychotic	medication	 class	 currently	 used,	 and	 inpatient	versus	outpatient	status	at	the	time	of	imaging	were	recorded.	Six	patients	(out	of	an	original	cohort	of	59	patients)	were	excluded	from	the	study,	as	the	above	clinical	 descriptors	 were	 not	 available.	 Imaging	 was	 undertaken	 within	 four	weeks	 of	 initial	 diagnosis.	 Informed	 written	 consent	 was	 obtained	 for	 all	procedures.			
Imaging	
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All	 control	 and	 first-episode	psychosis	 arm	 subjects	 underwent	MR	 imaging	of	the	brain	using	a	3-Tesla	MRI	scanner	(Philips,	Acheiva).	Volunteers	 lay	supine	within	 the	 scanner	with	 their	head	 immobilized	 in	a	head	coil.	High-resolution	three-dimensional	T1-weighted	anatomical	 image	 sets	were	 acquired	 (TE	=	2.5	ms,	TR	=	5,600	ms,	flip	angle	=	8°,	voxel	size	=	0.8	x	0.8	x	0.8	mm3).	DTI	data	was	acquired	with	a	whole-brain	single-shot	echo-planar	pulse	sequence	(TR	=	8,788	ms,	 flip	 angle	=	90°,	 112	 x	112	matrix	 size,	 224	 x	224	mm2	FOV,	2.5	mm	slice	thickness,	 55	 axial	 slices)	 with	 four	 image	 sets	 collected	 for	 each	 subject.	 For	each	 slice,	 diffusion	 gradients	were	 applied	 along	 32	 independent	 orientations	with	b	=	1000	s/mm2	after	the	acquisition	of	the	b	=	0	s/mm2	(b0)	 images.	T2,	DWI/ADC,	 SWI,	 and	 axial	 FLAIR	 sequences	 were	 also	 undertaken	 to	 exclude	organic	pathology	as	a	cause	of	the	patient’s	symptoms.			One	patient	was	excluded	due	 to	extensive	susceptibility	artefact	 in	 the	 frontal	lobes	on	the	DTI	sequence	resulting	from	dental	braces.		
Image	processing	The	 diffusion-weighted	 images	 were	 motion	 corrected,	 coregistered	 to	 one	another	and	averaged	 to	 increase	 signal	 to	noise	 ratio.	Using	 the	32	directions	and	 b0	 images,	 the	 diffusion	 tensor	 was	 then	 calculated	 using	 the	 method	proposed	 by	 Basser	 and	 colleagues	 (Basser	 and	 Pierpaoli	 1996).	 Once	 the	elements	of	the	diffusion	tensor	were	calculated,	fractional	anisotropy	(FA)	maps	were	derived.	Using	Philips	DTI	FiberTrak	software	(Philips,	Netherlands,	2012),	the	T1	and	DTI	images	were	skull-stripped,	co-registered	to	each	other,	and	eddy	current	 corrected.	 Normalization/spatial	 transformation	 was	 specifically	 not	
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undertaken	 to	 avoid	 error	 accumulation	 in	 the	 micro-architectural	measurements	of	the	white	matter	that	might	result	from	spatial	transformation	(Alexander	et	al.	2001).			
Region	of	interest	(ROI)	formation	Using	fused	T1	and	DTI-tractography	sequences,	two	customized	ovoid	regions	of	interest	(ROIs)	were	created	in	the	coronal	plane	(on	a	single	coronal	slice)	for	each	 cerebral	 hemisphere	 (for	 each	 subject)	 at	 the	 level	 of	 the	 anterior	commissure	(see	Figure	1).	The	temporal	ROI	(ovoid	16	mm	X-axis,	12.5	mm	Z-axis)	was	 placed	 over	 the	white	matter	 temporal	 stem	 as	 it	 extended	 caudally	(posteriorly)	towards	the	caudal	margin	of	the	insula,	whilst	the	subcaudate	ROI	(ovoid	24	mm	X-axis,	10	mm	Z-axis)	was	placed	over	 the	white	matter	ventral	(inferior)	 to	 the	 caudate	 head	 with	 wide	medial	 and	 lateral	 extensions	 to	 the	medial	cortex	and	the	claustrum	respectively.	These	large	ROI’s	were	created	to	ensure	complete	capture	of	all	 fibers	related	to	the	UF,	which	is	the	only	major	association	tract	that	would	cross	both	of	these	locations,	with	an	‘and’	algorithm	used	 to	 include	 only	 fibers	 that	 crossed	 both	 ROIs.	 The	 placement	 of	 a	subcaudate	ROI	in	such	a	caudal/posterior	location	differs	with	prior	studies	of	the	 UF	 in	 order	 to	 ensure	 inclusion	 of	 any	 potential	 medial	 fibers	 to	 the	subgenual	cingulate	gyrus	that	would	likely	exit	the	main	body	of	the	tract	more	caudally	 than	 the	 fronto-polar	 or	 lateral	 orbital	 gyri	 fibers.	 A	 length	 filter	requiring	a	minimum	tract	 length	of	20	mm	and	a	minimum	FA	(FA>0.15)	was	applied	to	reduce	the	chance	of	artefactual	tracts	being	included	in	the	analysis.			
81
			
	
Figure	1:	ROIs	used	to	tract	the	uncinate	fasciculus	and	cingulum	bundle	Standardized	 regions	 of	 interest	 (ROIs)	 used	 to	 seed	 the	 uncinate	 fasciculus	(temporal	 –	 red,	 subcaudate	 –	 blue)	 and	 the	 cingulum	 bundle	 (yellow),	superimposed	on	a	coronal	T1	anatomical	reference	image	(Talairach	y=0).	Note	the	extension	of	 the	subcaudate	(blue)	ROI	medially	 to	 the	subgenual	cingulate	gyrus	and	laterally	to	the	claustrum.		
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The	 fibers	 of	 each	 of	 the	 three	 prefrontal	 stems	 of	 the	 UF	 (lateral,	 polar,	 and	subgenual)	–	see	Figures	2A-D,	were	isolated	from	each	other	using	a	third	ovoid	ROI	centered	on	 the	peripheral	aspect	of	each	stem	respectively,	distal	 to	 their	separation	 from	 the	 body	 of	 the	 UF	 and	 perpendicular	 to	 the	 long	 axis	 of	 the	fibers,	 using	 ‘and’	 algorithms.	 For	 fibers	 to	 be	 deemed	 part	 of	 the	 subgenual	stem,	they	were	required	to	pass	through	a	third	ovoid	ROI	measuring	20	mm	X-axis,	10	mm	Z	axis	placed	in	the	sagittal	plane	5	mm	lateral	to	interhemispheric	fissure,	with	the	caudal	margin	at	 the	 level	of	 the	anterior	commissure	and	the	dorsal	margin	being	 the	ventral	 surface	of	 the	 rostrum	of	 the	corpus	callosum.	For	 the	polar	 stem,	 the	 third	ovoid	ROI	was	of	 the	 same	size	but	placed	 in	 the	coronal	plane	at	the	level	of	the	rostral	edge	of	the	genu	of	the	corpus	callosum,	with	its	medial	margin	being	the	interhemispheric	fissure	and	its	ventral	margin	being	 the	 grey-white	matter	 junction	 of	 the	medial	 orbital	 gyri.	 For	 the	 lateral	stem,	the	third	ovoid	ROI	measured	10	mm	X-axis,	20	mm	Z-axis,	and	was	placed	in	 the	 coronal	 plane	 at	 the	 level	 of	 the	 rostral	margin	 of	 the	 corpus	 callosum	genu,	with	its	medial	margin	at	the	level	of	the	junction	of	the	medial	and	lateral	orbital	 gyri,	 and	 its	 ventral	 margin	 at	 the	 grey-white	 matter	 junction	 of	 the	lateral	orbital	gyri.			A	separate	4-mm	diameter	circular	ROI	was	also	created	in	the	coronal	plane	to	isolate	 the	 cingulum	bundle	within	 its	main	dorsal	body	–	 see	Figure	1	 (at	 the	level	of	the	anterior	commissure	with	the	periphery	of	the	ROI	abutting	but	not	crossing	 the	 grey-white	 matter	 junction	 of	 the	 cingulate	 cortex	 dorsal	 to	 the	anterior	body	of	the	corpus	callosum).	For	quality	assurance	purposes,	a	sample	axial	b0	diffusion	weighted	image	is	provided	in	Figure	3.	
83
		
	
Figure	2	A-D:	Prefrontal	stems	of	the	uncinate	fasciculus	A	–	Tractography	of	 the	 right	uncinate	 fasciculus	 superimposed	on	an	axial	T1	reference	 image	 (Talairach	 z=-10)	 demonstrating	 the	 topography	 of	 the	 three	prefrontal	stems:	the	subgenual	stem,	fronto-polar	stem,	and	lateral	stem.		
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			B	–	Tractography	of	the	right	uncinate	fasciculus	prefrontal	stems	superimposed	on	an	axial	T1	reference	imaging	demonstrating	the	cortical	targets	of	each	stem:	subgenual	 stem	 to	 the	 subgenual	 cingulate	 cortex	 (BA25):	 labeled	 in	 purple,	fronto-polar	stem	to	the	fronto-polar	cortex	(BA10):	labeled	in	pink,	lateral	stem	to	the	ventrolateral	prefrontal	cortex	(BA47)	and	dorsolateral	prefrontal	cortex	(BA46):	labeled	in	yellow.		
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			C	–	Tractography	of	the	subgenual	stem	of	the	uncinate	fasciculus	superimposed	on	a	paramedian	sagittal	T1	reference	image	(Talairach	x=2),	demonstrating	the	course	of	 the	 stem	 fibers	 from	 the	medial	 temporal	 lobe,	 curving	at	 the	uncus,	and	then	towards	the	subgenual	cingulate	cortex	(BA25):	labeled	in	purple.	
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			D	 –	 Tractography	 of	 the	 lateral	 stem	 of	 the	 right	 uncinate	 fasciculus	superimposed	 on	 a	 3D	 T1	 reference	 image	 with	 axial	 (Talairach	 z=-10)	 and	coronal	 planes,	 demonstrating	 the	 course	 of	 the	 lateral	 stem	 fibers	within	 the	external	capsule	and	travelling	rostrally	and	then	laterally	to	reach	the	junction	of	the	ventrolateral	(VLPFC)	and	dorsolateral	prefrontal	cortices	(DLPFC).		
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Figure	3:	Quality	assurance	sample	of	diffusion	weighted	imaging	Sample	axial	(Talairach	z=0)	b0	diffusion	image	from	a	control	subject	at	the	level	of	the	anterior	commissure	demonstrating	satisfactory	baseline	quality	of	the	diffusion	weighted	imaging	sequence	(2	x	2	x	2.5	mm3	voxels).			
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Data	acquisition	For	the	UF,	the	presence	or	absence	of	each	of	the	prefrontal	stems	was	noted	in	each	 individual.	 The	 mean	 fractional	 anisotropy	 (FA),	 a	 biomarker	 of	 white	matter	 integrity,	was	 determined	 in	 each	 subject	 using	 FiberTrak	 (Philips)	 for	the	whole	UF,	seeded	at	the	body	via	a	cross-sectional	ROI	in	the	coronal	plane	at	the	 level	 of	 the	 anterior	 commissure,	 as	 well	 as	 within	 each	 of	 the	 three	prefrontal	 stems	 (subgenual,	 polar	 and	 lateral	 stems)	 –	 seeded	 with	 ROIs	 as	described	 above.	 In	 addition,	 mean	 FA	 values	 were	 also	 determined	 for	 the	cingulum	bundle,	again	using	a	ROI	as	described	above.			
Statistical	testing	For	each	tract	and	stem	assessed	in	both	the	first-episode	psychosis	and	control	arms,	 the	 mean	 FA	 value	 and	 95%	 confidence	 intervals	 were	 calculated.	Psychosis	 arm	 comparisons	 with	 the	 control	 arm	 were	 undertaken	 using	 a	standard	 t-test	with	a	Bonferroni	corrected	α-value	of	0.005	(11	hypotheses;	5	tracts/stems	assessed	 in	each	hemisphere	and	age	compared	between	groups).	The	 pre-correction	 statistical	 threshold	 of	 0.05	 was	 chosen	 based	 on	 the	 pre-determined	sample	size	estimation	at	a	confidence	level	of	95%	with	the	aim	of	minimizing	the	risk	of	a	Type	II	error.	The	impact	of	gender	upon	the	results	was	also	assessed	using	one-way	ANOVA	 testing	 (comparing	 female	control,	 female	psychosis,	male	 control,	 and	male	 psychosis	 groups	 in	 each	 hemisphere),	with	post-hoc	Tukey	analysis.						
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5.4	Results	
Patient	demographics	and	clinical	descriptors	The	first-episode	psychosis	arm	contained	53	patients	(M=28,	F=25,	Ages	17-41,	
μ	=	26.7	years,	BDI-II	scores	ranging	from	1-13	with	μ	=	5.1),	and	the	control	arm	contained	50	subjects	(M=27,	F=23,	Ages	18-42,	μ	=	28.9,	BDI-II	scores	ranging	0-13	 with	 μ	 =	 3.7).	 No	 significant	 difference	 in	 age	 distribution	 was	demonstrated	between	the	two	groups	(p=0.21).	The	ratio	of	males	to	females	in	our	study	(1.12)	 is	 lower	than	that	described	in	the	 literature	for	patients	with	schizophrenia/non-affective	 psychosis	 (Abel	 et	 al.	 2010),	 likely	 due	 to	 the	relative	absence	of	adolescent/younger	patients	in	the	cohort	(a	function	of	the	study	 being	 undertaken	 at	 an	 adult	 hospital).	 The	 group	 demographics	 and	clinical	descriptors	are	detailed	in	Table	1.			
Tract	isolation	Figures	 2A-D	 demonstrate	 the	 UF	 and	 its	 three	 prefrontal	 stems	 using	tractography.	 The	 subgenual	 stem	 can	 be	 seen	 turning	 medially	 towards	 the	subgenual	cingulate	gyrus	cortex,	the	polar	stem	travelling	rostrally	to	the	frontal	pole	 and	 medial	 orbitofrontal	 cortex,	 and	 the	 lateral	 stem	 turning	 laterally	 to	terminate	 in	 the	 lateral	 prefrontal	 cortex	 (see	 Figure	 2D).	 The	 presence	 or	absence	 of	 detection	 of	 the	 body	 and	 various	 stems	 of	 the	 UF,	 as	 well	 as	 the	cingulum	bundle,	for	each	cerebral	hemisphere	are	summarized	in	Table	2.		
	
Fractional	anisotropy	(FA)	results	The	 mean	 FA	 values,	 95%	 confidence	 intervals,	 and	 p-values	 from	 the	 first-episode	psychosis	vs.	control	arm	results	are	outlined	in	Table	3.	The	results	of	
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ANOVA	 testing	with	 post-hoc	 Tukey	 analysis	 for	 gender-separated	 cohorts	 are	given	in	Table	4.		A	 significant	 reduction	 (p<0.001;	 t-test)	 in	 FA	 values	 in	 the	 first-episode	psychosis	group	compared	with	the	control	group	occurred	in	the	body	of	the	UF	as	well	as	in	its	polar	and	lateral	stems.	In	contrast,	no	significant	reduction	was	seen	in	the	subgenual	stem	of	the	UF	or	in	the	cingulum	bundle.	This	anatomical	distribution	 of	 statistically	 significant	 differences	 was	 maintained	 in	 gender-separated	 analyses	 with	 one-way	 ANOVA	 testing,	 and	 gender	 did	 not	demonstrate	a	significant	impact	upon	the	results	using	post-hoc	Tukey	analyses.					
Table	1.	Demographics	and	clinical	descriptors	of	the	study	groups	
	
	 Healthy	controls	 First-onset	psychosis		
Number		 50	 53	
Age																																									μ	
																																							Range	
																																																σ	
																																				Median	
28.9	18-42	6.4	27.5	
26.7	17-41	5.7	25	
Age	comparisons	
between	groups:	t-test	
p=0.21	 	
Gender																																	F	
																																																M											
23	27	 25	28	
BDI-II	scores																					μ	
																																							Range	
5.1	1	-	13	 3.7	0	-	13	
Symptom	duration									μ	
(Months)																				Range	
	 1.6	0.2-6.7	
Inpatient	 	 31	
Positive	symptoms	
Negative	symptoms	
Both	
	 50	47	44	
Current	antipsychotic	
medication	class	
Typical	
Atypical	
Clozapine	
9	44	0			
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Table	2.	Tract	identification	in	the	first-onset	psychosis	and	control	cohorts	
	
TRACT	 LEFT	 	 RIGHT	 	
	 First-episode	
psychosis	
n=53	
Control	
	
n=50	
First-episode	
psychosis	
n=53	
Control	
	
n=50	
UF	Body	 53/53	 50/50	 53/53	 50/50	
UF	Subgenual	 51/53	 46/50	 52/53	 47/50	
UF	Polar	 53/53	 49/50	 53/53	 50/50	
UF	Lateral	 51/53	 45/50	 50/53	 44/50	
Cingulum	 53/53	 50/50	 53/53	 50/50	
UF	–	uncinate	fasciculus					
Table	 3.	 Mean	 fractional	 anisotropy	 (FA)	 in	 the	 uncinate	 fasciculus	 (UF)	
and	cingulum	from	first-episode	psychosis	patients	and	healthy	controls	
	
TRACT	 	 LEFT	 	 RIGHT	 	
	 	 First-episode	
psychosis	
n=53	
Control	
	
n=50	
First-episode	
psychosis	
n=53	
Control	
	
n=50	
UF	Body	 μ	FA	
95%	CI	
t-test	
0.34	(0.29-0.39)	
p<0.001	
0.45	(0.41-0.49)		 0.36	(0.31-0.39)	p<0.001	 0.45	(0.42-0.50)		
UF	Subgenual	 	 0.40	(0.37-0.42)	
p=0.117	
0.42	(0.39-0.46)		 0.39	(0.37-0.42)	p=0.168	 0.41	(0.38-0.46)		
UF	Polar	 	 0.36	(0.32-0.41)	
p<0.001	
0.44	(0.41-0.48)		 0.36	(0.31-0.40)	p<0.001	 0.45	(0.41-0.48)		
UF	Lateral	 	 0.32	(0.28-0.37)	
p<0.001	
0.42	(0.38-0.46)		 0.33	(0.29-0.36)	p<0.001	 0.40	(0.38-0.43)		
Cingulum	 	 0.40	(0.37-0.44)	
p=0.211	
0.42	(0.39-0.46)		 0.41	(0.38-0.45)	p=0.091	 0.44	(0.41-0.46)		
UF	–	uncinate	fasciculus	
μ	FA	–	mean	fractional	anisotropy	
95%	CI	–	95%	confidence	interval	
Statistical	testing	using	the	standard	t-test;	Bonferroni-corrected	α-value	=	0.005.					
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Table	4.	One-way	ANOVA	with	post-hoc	Tukey	analysis	results	of	mean	
fractional	anisotropy	(μFA)	between	first-onset	psychosis	(FOP)	and	
healthy	controls	(HC)	with	gender-separated	groups	
	
LEFT	
Cerebrum	
ANOVA	
F	
ANOVA	
p-value	 Tukey	Group	A	 Tukey	Group	B	 Tukey	p-value	
UF	Body	 13.17	 <0.001	 Male	HC	
	
	
Female	HC	
	
Male	FOP	
Female	HC	Male	FOP	Female	FOP	Male	FOP	Female	FOP	Female	FOP	
		0.312	<0.001			0.003	<0.001	<0.001			0.116	
UF	Subgenual	 8.72	 		0.129	 	 	 	
UF	Polar	 14.64	 <0.001	 Male	HC	
	
	
Female	HC	
	
Male	FOP	
Female	HC	Male	FOP	Female	FOP	Male	FOP	Female	FOP	Female	FOP	
		0.091	<0.001	<0.001	<0.001	<0.001			0.273	
UF	Lateral	 9.72	 <0.001	 Male	HC	
	
	
Female	HC	
	
Male	FOP	
Female	HC	Male	FOP	Female	FOP	Male	FOP	Female	FOP	Female	FOP	
		0.163	<0.001	<0.001	<0.001	<0.001			0.311	
Cingulum	 6.23	 		0.074	 	 	 	
RIGHT	
Cerebrum	
ANOVA	
F	
ANOVA	
p-value	 Tukey	Group	A	 Tukey	Group	B	 Tukey	p-value	
UF	Body	 12.16	 <0.001	 Male	HC	
	
	
Female	HC	
	
Male	FOP	
Female	HC	Male	FOP	Female	FOP	Male	FOP	Female	FOP	Female	FOP	
		0.155	<0.001	<0.001			0.002	<0.001			0.073	
UF	Subgenual	 8.67	 		0.195	 	 	 	
UF	Polar	 14.52	 <0.001	 Male	HC	
	
	
Female	HC	
	
Male	FOP	
Female	HC	Male	FOP	Female	FOP	Male	FOP	Female	FOP	Female	FOP	
		0.068	<0.001	<0.001	<0.001	<0.001			0.229	
UF	Lateral	 10.83	 <0.001	 Male	HC	
	
	
Female	HC	
	
Male	FOP	
Female	HC	Male	FOP	Female	FOP	Male	FOP	Female	FOP	Female	FOP	
		0.275	<0.001	<0.001			0.004	<0.001			0.094	
Cingulum	 7.79	 		0.091	 	 	 	
UF	–	uncinate	fasciculus	
HC	–	healthy	control	
FOP	–	first-onset	psychosis		
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5.5	Discussion	
Salient	findings	Consistent	 with	 our	 hypothesis,	 we	 demonstrated	 in	 our	 sample	 that	 first-episode	psychosis	patients	had	significantly	 reduced	white	matter	 integrity	 (as	measured	by	FA	values)	 in	the	lateral	and	polar	stems	of	the	UF,	but	not	 in	the	subgenual	stem	of	the	UF	or	cingulum	bundle.	The	presence	of	these	changes	in	a	first-onset	psychosis	cohort	suggests	that	these	alterations	are	present	from	the	early	clinical	stages	of	psychosis.		
Role	of	the	dorso-lateral	prefrontal	cortex	(DLPFC)	in	psychosis	The	DLPFC	 comprises	 Brodmann’s	 areas	 9	 and	 46,	 predominantly	 localized	 to	the	 middle	 frontal	 gyrus,	 and	 is	 heavily	 implicated	 in	 executive	 functioning,	playing	 a	 critical	 role	 in	working	memory,	 attention,	 planning,	 and	motivation	(Eisenberg	and	Berman	2010;	Szczepanski	and	Knight	2014;	Manes	et	al.	2002;	Chao	and	Knight	1998;	Burgess	2000).	The	DLPFC	has	reduced	cortical	volumes	in	patients	with	schizophrenia	(Giuliani	et	al.	2005;	Fornito	et	al.	2009;	Volpe	et	al.	2012),	When	assessed	using	functional	imaging,	the	DLPFC	displays	reduced	ongoing	metabolic	activity	 in	schizophrenia	as	well	as	 first-episode	psychosis	–	often	termed	hypofrontality	(Molina	et	al.	2005;	Glahn	et	al.	2005;	Potkin	et	al.	2009;	D.	H.	Wolf	et	al.	2015).	Schizophrenia	patients	have	significantly	reduced	top-down	 connectivity	 between	 the	DLPFC	 and	 the	 amygdala,	 a	 reduction	 that	correlates	with	 the	 severity	of	both	positive	and	negative	 symptoms	 (Vai	 et	 al.	2015).	In	our	study,	the	reductions	in	white	matter	integrity	involving	the	lateral	stem	of	the	UF	in	patients	with	first-onset	psychosis	provides	further	evidence	of	
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integrity	 loss	 in	 the	 DLPFC-amygdala	 circuit	 in	 the	 early	 clinical	 stages	 of	psychosis.		
Role	of	the	ventro-lateral	prefrontal	cortex	(VLPFC)	in	psychosis	The	VLPFC	consists	of	 the	 inferior	 frontal	gyrus	(Brodmann’s	areas	44,	45,	47)	and	the	lateral	orbital	gyri	(areas	11	and	47).	The	functions	of	the	VLPFC	include	response	 inhibition,	 spatial	 attention,	 and	 emotional	 control	 (Szczepanski	 and	Knight	2014;	Floden	et	al.	2008;	Stone	et	al.	2011;	Noonan	et	al.	2010;	Phillips	et	al.	2003;	Mincic	2015;	Ochsner	et	al.	2012).	Patients	with	schizophrenia	display	VLPFC	 hypometabolism	 when	 processing	 emotions	 (Szabo	 et	 al.	 2017),	 and	impaired	 connectivity	 between	 the	 VLPFC	 and	 temporal/parietal	 cortices	 that	correlates	with	 the	 severity	 of	 the	 patients’	 emotional	management	 and	 social	dysfunction	 (Yin	 et	 al.	 2015).	The	VLPFC	 communicates	with	 the	 amygdala	via	ventral	fibers	of	the	lateral	stem	of	the	UF	(Thiebaut	de	Schotten	et	al.	2012;	K.	Bhatia	 et	 al.	 2017;	 Ebeling	 and	 von	 Cramon	 1992;	 Olson	 et	 al.	 2015;	 Von	 Der	Heide	et	al.	2013).	 	Our	demonstration	of	reduced	white	matter	integrity	in	the	lateral	 stem	 of	 the	 UF	 in	 patients	 with	 first-onset	 psychosis	 provides	 further	evidence	of	dysfunction	along	the	VLPFC-amygdala	circuit	in	psychosis.		
Role	of	the	amygdala	in	psychosis	The	amygdala	 is	responsible	 for	processing	emotion-salient	sensory	 inputs	and	coordinating	 stereotyped	 emotional	 responses	 (Janak	 and	 Tye	 2015).	 It	 is	believed	 to	 play	 a	 key	 role	 in	 the	 pathophysiology	 of	 psychosis,	 with	hyperactivity	 of	 the	 amygdala	 at	 rest	 (Pinkham	 et	 al.	 2015)	 and	 reduced	responsiveness	 to	 prefrontal	 inputs	 (D.	 H.	 Wolf	 et	 al.	 2015;	 Ghashghaei	 et	 al.	
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2007;	Bechara	et	al.	2000;	Ganzola	et	al.	2014).	As	such,	 reduced	white	matter	tract	 integrity	 between	 the	 prefrontal	 cortex	 and	 the	 amygdala	 is	 thought	 to	impact	 upon	 the	 emotional	 response	 of	 an	 individual	 to	 a	 variety	 of	 sensory	inputs	(Dong	et	al.	2017;	Janak	and	Tye	2015;	Vai	et	al.	2015;	Underwood	et	al.	2016;	Modinos	et	al.	2010).		
Global	white	matter	changes	in	schizophrenia	The	 localized	white	matter	 abnormalities	we	 have	 demonstrated	 in	 this	 study	are	not	 the	only	areas	of	white	matter	abnormality	 in	psychosis,	with	multiple	other	 regions	 including	 the	 superior	 longitudinal	 fasciculus,	 cingulum	 bundle,	anterior	 limb	of	 the	 internal	capsule,	and	 fornix	all	 implicated	 in	prior	DTI	and	lesion-based	studies	(Eisenberg	and	Berman	2010;	Samartzis	et	al.	2014;	Zhou	et	al.	2017;	Schaeffer	et	al.	2015;	Bopp	et	al.	 2017;	Kunimatsu	et	al.	2012).	Given	that	schizophrenia	and	 first-onset	psychosis	are	heterogeneous	conditions,	 it	 is	possible	 that	 different	 clinical	 subtypes	 display	 differing	 phenotypes	 of	 white	matter	 changes,	 with	 more	 diffuse	 alterations	 in	 the	 more	 severe	 subtypes	(Mitelman	et	al.	2006;	Dazzan	et	al.	2012).				
Interplay	of	mood	and	psychotic	disorders	The	 distinct	 separation	 of	mood	 and	 psychotic	 disorders	 is	 likely	 a	 theoretical	construct,	with	some	patients	lying	on	a	spectrum	between	these	two	groups	of	disorders;	 these	mixed-feature	 patients	may	 be	 diagnosed	with	 schizoaffective	disorder	or	depression	with	psychotic	features	(Correll	2011;	Peralta	and	Cuesta	2008;	 Lake	 and	 Hurwitz	 2007).	 Patients	 with	 schizoaffective	 disorder	 have	diffuse	 prefrontal	 cortex	 volume	 changes,	 involving	 the	 cingulate	 gyri,	 frontal	
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poles,	and	DLPFC	(Landin-Romero	et	al.	2017;	Amann	et	al.	2016;	Padmanabhan	et	al.	2015).	Dazzan	et	al.	(2012)	demonstrated	that	patients	at	ultra-high	risk	of	psychosis	who	 later	went	on	 to	develop	affective	psychoses	had	cortex	volume	reductions	 in	 the	 subgenual	 cingulate	 gyrus	 that	 were	 not	 seen	 in	 those	 who	went	on	to	develop	schizophrenia.	Subgenual	cingulate	gyrus	volume	reductions	have	also	been	demonstrated	in	patients	with	established	psychotic	depression	(Bijanki	et	al.	2014).			This	 concept	 is	 important	 for	 interpretation	 of	 our	 results.	 We	 demonstrated	lower	 mean	 FA	 values	 in	 the	 subgenual	 stem	 of	 the	 UF	 that	 did	 not	 reach	statistical	 significance.	This	 could	be	a	 result	of	our	 sample	 size,	 as	well	 as	 the	purposeful	exclusion	of	patients	with	significant	affective	 features.	However,	 in	line	with	the	findings	of	Dazzan	et	al.	(2012)	discussed	above,	our	findings	may	indicate	 that	 patients	 with	 first-onset	 psychosis	 without	 affective	 disorder	features	 may	 have	 more	 marked	 changes	 in	 circuits	 extending	 to	 the	polar/lateral	prefrontal	cortex,	with	less	marked	changes	in	circuits	extending	to	the	 subgenual	 cingulate	 cortex.	 It	would	 be	 useful	 to	 repeat	 this	 stem-by-stem	methodology	 amongst	 patients	 who	 have	 both	 psychotic	 and	 mood	 disorder	features.			
Significance	in	the	first-episode	psychosis	population	Our	 findings	 provide	 further	 support	 to	 the	 concept	 of	 white	 matter	abnormalities	in	key	circuits	being	present	from	the	early	stages	of	the	disease.	This	 study	builds	 upon	 the	 extensive	work	demonstrating	 reduced	 integrity	 of	the	UF	in	patients	with	first-episode	psychosis	(Zhou	et	al.	2017;	Samartzis	et	al.	
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2014;	Kyriakopoulos	and	Frangou	2009;	Serpa	et	al.	2017;	Price	et	al.	2008),	but	we	 have	 additionally	 undertaken	 a	 stem-by-stem	 detailed	 analysis	 of	 the	prefrontal	components	of	 the	UF	to	assess	 for	anatomically-specific	alterations.	To	our	knowledge,	such	an	analysis	has	not	been	previously	published.		
Limitations	The	 advantages	 of	 using	 native,	 non-normalized	 image	 datasets	 in	 this	 study	include	 potentially	 reduced	 error	 accumulation	 (particularly	 peripherally)	 that	occur	 during	 spatial	 transformation	 (Alexander	 et	 al.	 2001).	 However,	 this	approach	 is	 limited	 by	 the	 need	 to	 create	 new	 individualized	 ROIs	 for	 each	subject	 (as	 opposed	 to	 a	 common	 normalized	 ROI	 that	 is	 superimposed	 upon	each	normalized	dataset)	–	a	potential	source	of	error.	In	order	to	remove	inter-observer	 error,	 all	 ROIs	 and	 tract	 analysis	 were	 undertaken	 by	 the	 same	researcher	 (KB).	However,	 there	 is	 still	 potential	 intra-observer	 error	 that	 can	accumulate	during	creation	of	ROIs	on	each	new	subject.	We	have	attempted	to	minimize	this	error	by	using	a	standardized	methodology	with	pre-set	ROI	size	restrictions	and	anatomical	limit	restrictions	(as	outlined	in	the	Methods).		A	 further	 limitation	of	 this	 study	arises	 from	the	DTI	sequence	acquisition.	32-directional	 DTI	 with	 2	 x	 2	 x	 2.5	 mm3	 voxels	 was	 considered	 to	 be	 of	 a	 high	standard	 at	 the	 time	 of	 recruitment	 and	 image	 acquisition	 for	 this	 study,	however	there	is	increasing	use	of	64-directional	DTI	with	1	mm	voxels	in	newer	studies,	 with	 potential	 improved	 spatial	 resolution	 and	 accuracy.	 Additionally,	our	clinical	data	collection,	whilst	including	the	presence	or	absence	of	positive	
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or	negative	symptoms,	did	not	 incorporate	a	 formal	symptom	scoring	scale	 for	psychosis	patients,	the	use	of	which	would	have	strengthened	our	study.		Finally,	 with	 a	 disease	 sample	 size	 of	 59	 patients,	 this	 study	 is	 still	 relatively	small	 compared	 to	 many	 in	 the	 literature.	 We	 would	 advocate	 attempts	 to	reproduce	our	findings	in	larger	population	datasets	and	using	higher	resolution	imaging,	 as	 more	 subtle	 alterations	 in	 the	 subgenual	 stem	 may	 be	 elicited	 in	studies	with	a	higher	level	of	statistical	power.			
5.6	Conclusion	First-episode	 psychosis	 patients	 showed	 significantly	 reduced	 white	 matter	integrity	in	the	lateral	and	polar	stems	of	the	uncinate	fasciculus,	but	not	in	the	subgenual	stem.	This	is	the	first	published	stem-by-stem	analysis	of	the	uncinate	fasciculus	in	patients	with	psychosis.		
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100
5.8	References	Abel,	K.	M.,	Drake,	R.,	&	Goldstein,	J.	M.	(2010).	Sex	differences	in	schizophrenia.	
Int	Rev	Psychiatry,	22(5),	417-428,	doi:10.3109/09540261.2010.515205.	Alexander,	D.	C.,	Pierpaoli,	C.,	Basser,	P.	J.,	&	Gee,	J.	C.	(2001).	Spatial	transformations	of	diffusion	tensor	magnetic	resonance	images.	IEEE	
Trans	Med	Imaging,	20(11),	1131-1139,	doi:10.1109/42.963816.	Amann,	B.	L.,	Canales-Rodriguez,	E.	J.,	Madre,	M.,	Radua,	J.,	Monte,	G.,	Alonso-Lana,	S.,	et	al.	(2016).	Brain	structural	changes	in	schizoaffective	disorder	compared	to	schizophrenia	and	bipolar	disorder.	Acta	Psychiatr	Scand,	
133(1),	23-33,	doi:10.1111/acps.12440.	Basser,	P.	J.,	&	Pierpaoli,	C.	(1996).	Microstructural	and	physiological	features	of	tissues	elucidated	by	quantitative-diffusion-tensor	MRI.	J	Magn	Reson	B,	
111(3),	209-219.	Bechara,	A.,	Damasio,	H.,	&	Damasio,	A.	R.	(2000).	Emotion,	decision	making	and	the	orbitofrontal	cortex.	Cereb	Cortex,	10(3),	295-307.	Beck,	A.	T.,	Ward,	C.	H.,	Mendelson,	M.,	Mock,	J.,	&	Erbaugh,	J.	(1961).	An	inventory	for	measuring	depression.	Arch	Gen	Psychiatry,	4,	561-571.	Bhatia,	K.,	Henderson,	L.,	Ramsey-Stewart,	G.,	&	May,	J.	(2012).	Diffusion	tensor	imaging	to	aid	subgenual	cingulum	target	selection	for	deep	brain	stimulation	in	depression.	Stereotact	Funct	Neurosurg,	90(4),	225-232,	doi:10.1159/000338083.	Bhatia,	K.,	Henderson,	L.,	Yim,	M.,	Hsu,	E.,	&	Dhaliwal,	R.	(2017).	Diffusion	Tensor	Imaging	Investigation	of	Uncinate	Fasciculus	Anatomy	in	Healthy	Controls:	Description	of	a	Subgenual	Stem.	Neuropsychobiology,	75(3),	132-140,	doi:10.1159/000485111.	
101
Bhatia,	K.	D.,	Henderson,	L.	A.,	Hsu,	E.,	&	Yim,	M.	(2018).	Reduced	integrity	of	the	uncinate	fasciculus	and	cingulum	in	depression:	A	stem-by-stem	analysis.	
J	Affect	Disord,	235,	220-228,	doi:10.1016/j.jad.2018.04.055.	Bijanki,	K.	R.,	Hodis,	B.,	Brumm,	M.	C.,	Harlynn,	E.	L.,	&	McCormick,	L.	M.	(2014).	Hippocampal	and	left	subcallosal	anterior	cingulate	atrophy	in	psychotic	depression.	PLoS	One,	9(10),	e110770,	doi:10.1371/journal.pone.0110770.	Bopp,	M.	H.	A.,	Zollner,	R.,	Jansen,	A.,	Dietsche,	B.,	Krug,	A.,	&	Kircher,	T.	T.	J.	(2017).	White	matter	integrity	and	symptom	dimensions	of	schizophrenia:	A	diffusion	tensor	imaging	study.	Schizophr	Res,	184,	59-68,	doi:10.1016/j.schres.2016.11.045.	Burgess,	P.	W.	(2000).	Strategy	application	disorder:	the	role	of	the	frontal	lobes	in	human	multitasking.	Psychol	Res,	63(3-4),	279-288.	Busatto,	G.	F.	(2013).	Structural	and	functional	neuroimaging	studies	in	major	depressive	disorder	with	psychotic	features:	a	critical	review.	Schizophr	
Bull,	39(4),	776-786,	doi:10.1093/schbul/sbt054.	Chao,	L.	L.,	&	Knight,	R.	T.	(1998).	Contribution	of	human	prefrontal	cortex	to	delay	performance.	J	Cogn	Neurosci,	10(2),	167-177.	Choi,	K.	S.,	Riva-Posse,	P.,	Gross,	R.	E.,	&	Mayberg,	H.	S.	(2015).	Mapping	the	"Depression	Switch"	During	Intraoperative	Testing	of	Subcallosal	Cingulate	Deep	Brain	Stimulation.	JAMA	Neurol,	72(11),	1252-1260,	doi:10.1001/jamaneurol.2015.2564.	Correll,	C.	U.	(2011).	Psychobiology	and	psychosocial	functioning	of	schizoaffective	disorder.	J	Clin	Psychiatry,	72(2),	e05,	doi:10.4088/JCP.9096tx4cc.	
102
Daianu,	M.,	Mendez,	M.	F.,	Baboyan,	V.	G.,	Jin,	Y.,	Melrose,	R.	J.,	Jimenez,	E.	E.,	et	al.	(2015).	An	advanced	white	matter	tract	analysis	in	frontotemporal	dementia	and	early-onset	Alzheimer's	disease.	Brain	Imaging	Behav,	doi:10.1007/s11682-015-9458-5.	Dazzan,	P.,	Soulsby,	B.,	Mechelli,	A.,	Wood,	S.	J.,	Velakoulis,	D.,	Phillips,	L.	J.,	et	al.	(2012).	Volumetric	abnormalities	predating	the	onset	of	schizophrenia	and	affective	psychoses:	an	MRI	study	in	subjects	at	ultrahigh	risk	of	psychosis.	Schizophr	Bull,	38(5),	1083-1091,	doi:10.1093/schbul/sbr035.	Dong,	D.,	Wang,	Y.,	Jia,	X.,	Li,	Y.,	Chang,	X.,	Vandekerckhove,	M.,	et	al.	(2017).	Abnormal	brain	activation	during	threatening	face	processing	in	schizophrenia:	A	meta-analysis	of	functional	neuroimaging	studies.	
Schizophr	Res,	doi:10.1016/j.schres.2017.11.013.	Ebeling,	U.,	&	von	Cramon,	D.	(1992).	Topography	of	the	uncinate	fascicle	and	adjacent	temporal	fiber	tracts.	Acta	Neurochir	(Wien),	115(3-4),	143-148.	Eisenberg,	D.	P.,	&	Berman,	K.	F.	(2010).	Executive	function,	neural	circuitry,	and	genetic	mechanisms	in	schizophrenia.	Neuropsychopharmacology,	35(1),	258-277,	doi:10.1038/npp.2009.111.	Floden,	D.,	Alexander,	M.	P.,	Kubu,	C.	S.,	Katz,	D.,	&	Stuss,	D.	T.	(2008).	Impulsivity	and	risk-taking	behavior	in	focal	frontal	lobe	lesions.	Neuropsychologia,	
46(1),	213-223,	doi:10.1016/j.neuropsychologia.2007.07.020.	Fornito,	A.,	Yucel,	M.,	Patti,	J.,	Wood,	S.	J.,	&	Pantelis,	C.	(2009).	Mapping	grey	matter	reductions	in	schizophrenia:	an	anatomical	likelihood	estimation	analysis	of	voxel-based	morphometry	studies.	Schizophr	Res,	108(1-3),	104-113,	doi:10.1016/j.schres.2008.12.011.	
103
Ganzola,	R.,	Maziade,	M.,	&	Duchesne,	S.	(2014).	Hippocampus	and	amygdala	volumes	in	children	and	young	adults	at	high-risk	of	schizophrenia:	research	synthesis.	Schizophr	Res,	156(1),	76-86,	doi:10.1016/j.schres.2014.03.030.	Ghashghaei,	H.	T.,	Hilgetag,	C.	C.,	&	Barbas,	H.	(2007).	Sequence	of	information	processing	for	emotions	based	on	the	anatomic	dialogue	between	prefrontal	cortex	and	amygdala.	Neuroimage,	34(3),	905-923,	doi:10.1016/j.neuroimage.2006.09.046.	Giuliani,	N.	R.,	Calhoun,	V.	D.,	Pearlson,	G.	D.,	Francis,	A.,	&	Buchanan,	R.	W.	(2005).	Voxel-based	morphometry	versus	region	of	interest:	a	comparison	of	two	methods	for	analyzing	gray	matter	differences	in	schizophrenia.	Schizophr	Res,	74(2-3),	135-147,	doi:10.1016/j.schres.2004.08.019.	Glahn,	D.	C.,	Ragland,	J.	D.,	Abramoff,	A.,	Barrett,	J.,	Laird,	A.	R.,	Bearden,	C.	E.,	et	al.	(2005).	Beyond	hypofrontality:	a	quantitative	meta-analysis	of	functional	neuroimaging	studies	of	working	memory	in	schizophrenia.	Hum	Brain	
Mapp,	25(1),	60-69,	doi:10.1002/hbm.20138.	Gutman,	D.	A.,	Holtzheimer,	P.	E.,	Behrens,	T.	E.,	Johansen-Berg,	H.,	&	Mayberg,	H.	S.	(2009).	A	tractography	analysis	of	two	deep	brain	stimulation	white	matter	targets	for	depression.	Biol	Psychiatry,	65(4),	276-282,	doi:10.1016/j.biopsych.2008.09.021.	Hornberger,	M.,	Geng,	J.,	&	Hodges,	J.	R.	(2011).	Convergent	grey	and	white	matter	evidence	of	orbitofrontal	cortex	changes	related	to	disinhibition	in	behavioural	variant	frontotemporal	dementia.	Brain,	134(Pt	9),	2502-2512,	doi:10.1093/brain/awr173.	
104
Janak,	P.	H.,	&	Tye,	K.	M.	(2015).	From	circuits	to	behaviour	in	the	amygdala.	
Nature,	517(7534),	284-292,	doi:10.1038/nature14188.	Johansen-Berg,	H.,	Gutman,	D.	A.,	Behrens,	T.	E.,	Matthews,	P.	M.,	Rushworth,	M.	F.,	Katz,	E.,	et	al.	(2008).	Anatomical	connectivity	of	the	subgenual	cingulate	region	targeted	with	deep	brain	stimulation	for	treatment-resistant	depression.	Cereb	Cortex,	18(6),	1374-1383,	doi:10.1093/cercor/bhm167.	Kitis,	O.,	Ozalay,	O.,	Zengin,	E.	B.,	Haznedaroglu,	D.,	Eker,	M.	C.,	Yalvac,	D.,	et	al.	(2012).	Reduced	left	uncinate	fasciculus	fractional	anisotropy	in	deficit	schizophrenia	but	not	in	non-deficit	schizophrenia.	Psychiatry	Clin	
Neurosci,	66(1),	34-43,	doi:10.1111/j.1440-1819.2011.02293.x.	Korgaonkar,	M.	S.,	Williams,	L.	M.,	Song,	Y.	J.,	Usherwood,	T.,	&	Grieve,	S.	M.	(2014).	Diffusion	tensor	imaging	predictors	of	treatment	outcomes	in	major	depressive	disorder.	Br	J	Psychiatry,	205(4),	321-328,	doi:10.1192/bjp.bp.113.140376.	Kunimatsu,	N.,	Aoki,	S.,	Kunimatsu,	A.,	Abe,	O.,	Yamada,	H.,	Masutani,	Y.,	et	al.	(2012).	Tract-specific	analysis	of	white	matter	integrity	disruption	in	schizophrenia.	Psychiatry	Res,	201(2),	136-143,	doi:10.1016/j.pscychresns.2011.07.010.	Kyriakopoulos,	M.,	&	Frangou,	S.	(2009).	Recent	diffusion	tensor	imaging	findings	in	early	stages	of	schizophrenia.	Curr	Opin	Psychiatry,	22(2),	168-176,	doi:10.1097/YCO.0b013e328325aa23.	Lake,	C.	R.,	&	Hurwitz,	N.	(2007).	Schizoaffective	disorder	merges	schizophrenia	and	bipolar	disorders	as	one	disease--there	is	no	schizoaffective	disorder.	
105
Curr	Opin	Psychiatry,	20(4),	365-379,	doi:10.1097/YCO.0b013e3281a305ab.	Landin-Romero,	R.,	Canales-Rodriguez,	E.	J.,	Kumfor,	F.,	Moreno-Alcazar,	A.,	Madre,	M.,	Maristany,	T.,	et	al.	(2017).	Surface-based	brain	morphometry	and	diffusion	tensor	imaging	in	schizoaffective	disorder.	Aust	N	Z	J	
Psychiatry,	51(1),	42-54,	doi:10.1177/0004867416631827.	Lebel,	C.,	Gee,	M.,	Camicioli,	R.,	Wieler,	M.,	Martin,	W.,	&	Beaulieu,	C.	(2012).	Diffusion	tensor	imaging	of	white	matter	tract	evolution	over	the	lifespan.	
Neuroimage,	60(1),	340-352,	doi:10.1016/j.neuroimage.2011.11.094.	LeWinn,	K.	Z.,	Connolly,	C.	G.,	Wu,	J.,	Drahos,	M.,	Hoeft,	F.,	Ho,	T.	C.,	et	al.	(2014).	White	matter	correlates	of	adolescent	depression:	structural	evidence	for	frontolimbic	disconnectivity.	J	Am	Acad	Child	Adolesc	Psychiatry,	53(8),	899-909,	909.e891-897,	doi:10.1016/j.jaac.2014.04.021.	Liotti,	M.,	Mayberg,	H.	S.,	McGinnis,	S.,	Brannan,	S.	L.,	&	Jerabek,	P.	(2002).	Unmasking	disease-specific	cerebral	blood	flow	abnormalities:	mood	challenge	in	patients	with	remitted	unipolar	depression.	Am	J	Psychiatry,	
159(11),	1830-1840,	doi:10.1176/appi.ajp.159.11.1830.	Manes,	F.,	Sahakian,	B.,	Clark,	L.,	Rogers,	R.,	Antoun,	N.,	Aitken,	M.,	et	al.	(2002).	Decision-making	processes	following	damage	to	the	prefrontal	cortex.	
Brain,	125(Pt	3),	624-639.	Mayberg,	H.	S.,	Liotti,	M.,	Brannan,	S.	K.,	McGinnis,	S.,	Mahurin,	R.	K.,	Jerabek,	P.	A.,	et	al.	(1999).	Reciprocal	limbic-cortical	function	and	negative	mood:	converging	PET	findings	in	depression	and	normal	sadness.	Am	J	
Psychiatry,	156(5),	675-682,	doi:10.1176/ajp.156.5.675.	
106
Mayberg,	H.	S.,	Lozano,	A.	M.,	Voon,	V.,	McNeely,	H.	E.,	Seminowicz,	D.,	Hamani,	C.,	et	al.	(2005).	Deep	brain	stimulation	for	treatment-resistant	depression.	
Neuron,	45(5),	651-660,	doi:10.1016/j.neuron.2005.02.014.	Mincic,	A.	M.	(2015).	Neuroanatomical	correlates	of	negative	emotionality-related	traits:	A	systematic	review	and	meta-analysis.	Neuropsychologia,	
77,	97-118,	doi:10.1016/j.neuropsychologia.2015.08.007.	Mitelman,	S.	A.,	Newmark,	R.	E.,	Torosjan,	Y.,	Chu,	K.	W.,	Brickman,	A.	M.,	Haznedar,	M.	M.,	et	al.	(2006).	White	matter	fractional	anisotropy	and	outcome	in	schizophrenia.	Schizophr	Res,	87(1-3),	138-159,	doi:10.1016/j.schres.2006.06.016.	Modinos,	G.,	Ormel,	J.,	&	Aleman,	A.	(2010).	Altered	activation	and	functional	connectivity	of	neural	systems	supporting	cognitive	control	of	emotion	in	psychosis	proneness.	Schizophr	Res,	118(1-3),	88-97,	doi:10.1016/j.schres.2010.01.030.	Molina,	V.,	Sanz,	J.,	Reig,	S.,	Martinez,	R.,	Sarramea,	F.,	Luque,	R.,	et	al.	(2005).	Hypofrontality	in	men	with	first-episode	psychosis.	Br	J	Psychiatry,	186,	203-208,	doi:10.1192/bjp.186.3.203.	Noonan,	M.	P.,	Walton,	M.	E.,	Behrens,	T.	E.,	Sallet,	J.,	Buckley,	M.	J.,	&	Rushworth,	M.	F.	(2010).	Separate	value	comparison	and	learning	mechanisms	in	macaque	medial	and	lateral	orbitofrontal	cortex.	Proc	Natl	Acad	Sci	U	S	A,	
107(47),	20547-20552,	doi:10.1073/pnas.1012246107.	Ochsner,	K.	N.,	Silvers,	J.	A.,	&	Buhle,	J.	T.	(2012).	Functional	imaging	studies	of	emotion	regulation:	a	synthetic	review	and	evolving	model	of	the	cognitive	control	of	emotion.	Ann	N	Y	Acad	Sci,	1251,	E1-24,	doi:10.1111/j.1749-6632.2012.06751.x.	
107
Olson,	I.	R.,	Von	Der	Heide,	R.	J.,	Alm,	K.	H.,	&	Vyas,	G.	(2015).	Development	of	the	uncinate	fasciculus:	Implications	for	theory	and	developmental	disorders.	
Dev	Cogn	Neurosci,	14,	50-61,	doi:10.1016/j.dcn.2015.06.003.	Padmanabhan,	J.	L.,	Tandon,	N.,	Haller,	C.	S.,	Mathew,	I.	T.,	Eack,	S.	M.,	Clementz,	B.	A.,	et	al.	(2015).	Correlations	between	brain	structure	and	symptom	dimensions	of	psychosis	in	schizophrenia,	schizoaffective,	and	psychotic	bipolar	I	disorders.	Schizophr	Bull,	41(1),	154-162,	doi:10.1093/schbul/sbu075.	Paus,	T.,	Keshavan,	M.,	&	Giedd,	J.	N.	(2008).	Why	do	many	psychiatric	disorders	emerge	during	adolescence?	Nat	Rev	Neurosci,	9(12),	947-957,	doi:10.1038/nrn2513.	Peralta,	V.,	&	Cuesta,	M.	J.	(2008).	Exploring	the	borders	of	the	schizoaffective	spectrum:	a	categorical	and	dimensional	approach.	J	Affect	Disord,	108(1-2),	71-86,	doi:10.1016/j.jad.2007.09.009.	Phillips,	M.	L.,	Drevets,	W.	C.,	Rauch,	S.	L.,	&	Lane,	R.	(2003).	Neurobiology	of	emotion	perception	II:	implications	for	major	psychiatric	disorders.	
Biological	Psychiatry,	54(5),	515-528,	doi:10.1016/S0006-3223(03)00171-9.	Pinkham,	A.	E.,	Liu,	P.,	Lu,	H.,	Kriegsman,	M.,	Simpson,	C.,	&	Tamminga,	C.	(2015).	Amygdala	Hyperactivity	at	Rest	in	Paranoid	Individuals	With	Schizophrenia.	Am	J	Psychiatry,	172(8),	784-792,	doi:10.1176/appi.ajp.2014.14081000.	Potkin,	S.	G.,	Turner,	J.	A.,	Brown,	G.	G.,	McCarthy,	G.,	Greve,	D.	N.,	Glover,	G.	H.,	et	al.	(2009).	Working	memory	and	DLPFC	inefficiency	in	schizophrenia:	the	FBIRN	study.	Schizophr	Bull,	35(1),	19-31,	doi:10.1093/schbul/sbn162.	
108
Price,	G.,	Cercignani,	M.,	Parker,	G.	J.,	Altmann,	D.	R.,	Barnes,	T.	R.,	Barker,	G.	J.,	et	al.	(2008).	White	matter	tracts	in	first-episode	psychosis:	a	DTI	tractography	study	of	the	uncinate	fasciculus.	Neuroimage,	39(3),	949-955,	doi:10.1016/j.neuroimage.2007.09.012.	Richter,	P.,	Werner,	J.,	Heerlein,	A.,	Kraus,	A.,	&	Sauer,	H.	(1998).	On	the	validity	of	the	Beck	Depression	Inventory.	A	review.	Psychopathology,	31(3),	160-168.	Riva-Posse,	P.,	Choi,	K.	S.,	Holtzheimer,	P.	E.,	Crowell,	A.	L.,	Garlow,	S.	J.,	Rajendra,	J.	K.,	et	al.	(2017).	A	connectomic	approach	for	subcallosal	cingulate	deep	brain	stimulation	surgery:	prospective	targeting	in	treatment-resistant	depression.	Mol	Psychiatry,	doi:10.1038/mp.2017.59.	Riva-Posse,	P.,	Choi,	K.	S.,	Holtzheimer,	P.	E.,	McIntyre,	C.	C.,	Gross,	R.	E.,	Chaturvedi,	A.,	et	al.	(2014).	Defining	critical	white	matter	pathways	mediating	successful	subcallosal	cingulate	deep	brain	stimulation	for	treatment-resistant	depression.	Biol	Psychiatry,	76(12),	963-969,	doi:10.1016/j.biopsych.2014.03.029.	Samartzis,	L.,	Dima,	D.,	Fusar-Poli,	P.,	&	Kyriakopoulos,	M.	(2014).	White	matter	alterations	in	early	stages	of	schizophrenia:	a	systematic	review	of	diffusion	tensor	imaging	studies.	J	Neuroimaging,	24(2),	101-110,	doi:10.1111/j.1552-6569.2012.00779.x.	Schaeffer,	D.	J.,	Rodrigue,	A.	L.,	Burton,	C.	R.,	Pierce,	J.	E.,	Unsworth,	N.,	Clementz,	B.	A.,	et	al.	(2015).	White	matter	structural	integrity	differs	between	people	with	schizophrenia	and	healthy	groups	as	a	function	of	cognitive	control.	Schizophr	Res,	169(1-3),	62-68,	doi:10.1016/j.schres.2015.11.001.	
109
Serpa,	M.	H.,	Doshi,	J.,	Erus,	G.,	Chaim-Avancini,	T.	M.,	Cavallet,	M.,	van	de	Bilt,	M.	T.,	et	al.	(2017).	State-dependent	microstructural	white	matter	changes	in	drug-naive	patients	with	first-episode	psychosis.	Psychol	Med,	47(15),	2613-2627,	doi:10.1017/s0033291717001015.	Shi,	C.,	Yu,	X.,	Cheung,	E.	F.,	Shum,	D.	H.,	&	Chan,	R.	C.	(2014).	Revisiting	the	therapeutic	effect	of	rTMS	on	negative	symptoms	in	schizophrenia:	a	meta-analysis.	Psychiatry	Res,	215(3),	505-513,	doi:10.1016/j.psychres.2013.12.019.	Simmonds,	D.	J.,	Hallquist,	M.	N.,	Asato,	M.,	&	Luna,	B.	(2014).	Developmental	stages	and	sex	differences	of	white	matter	and	behavioral	development	through	adolescence:	a	longitudinal	diffusion	tensor	imaging	(DTI)	study.	
Neuroimage,	92,	356-368,	doi:10.1016/j.neuroimage.2013.12.044.	Singh,	S.,	Singh,	K.,	Trivedi,	R.,	Goyal,	S.,	Kaur,	P.,	Singh,	N.,	et	al.	(2016).	Microstructural	abnormalities	of	uncinate	fasciculus	as	a	function	of	impaired	cognition	in	schizophrenia:	A	DTI	study.	J	Biosci,	41(3),	419-426.	Stone,	J.	J.,	Reynolds,	M.	R.,	&	Leuthardt,	E.	C.	(2011).	Transient	hemispatial	neglect	after	surgical	resection	of	a	right	frontal	lobe	mass.	World	
Neurosurg,	76(3-4),	361.e367-310,	doi:10.1016/j.wneu.2010.03.018.	Szabo,	A.	G.,	Farkas,	K.,	Marosi,	C.,	Kozak,	L.	R.,	Rudas,	G.,	Rethelyi,	J.,	et	al.	(2017).	Impaired	mixed	emotion	processing	in	the	right	ventrolateral	prefrontal	cortex	in	schizophrenia:	an	fMRI	study.	BMC	Psychiatry,	17(1),	391,	doi:10.1186/s12888-017-1558-x.	Szczepanski,	S.	M.,	&	Knight,	R.	T.	(2014).	Insights	into	human	behavior	from	lesions	to	the	prefrontal	cortex.	Neuron,	83(5),	1002-1018,	doi:10.1016/j.neuron.2014.08.011.	
110
Thiebaut	de	Schotten,	M.,	Dell'Acqua,	F.,	Valabregue,	R.,	&	Catani,	M.	(2012).	Monkey	to	human	comparative	anatomy	of	the	frontal	lobe	association	tracts.	Cortex,	48(1),	82-96,	doi:10.1016/j.cortex.2011.10.001.	Underwood,	R.,	Kumari,	V.,	&	Peters,	E.	(2016).	Cognitive	and	neural	models	of	threat	appraisal	in	psychosis:	A	theoretical	integration.	Psychiatry	Res,	
239,	131-138,	doi:10.1016/j.psychres.2016.03.016.	Vai,	B.,	Sferrazza	Papa,	G.,	Poletti,	S.,	Radaelli,	D.,	Donnici,	E.,	Bollettini,	I.,	et	al.	(2015).	Abnormal	cortico-limbic	connectivity	during	emotional	processing	correlates	with	symptom	severity	in	schizophrenia.	Eur	
Psychiatry,	30(5),	590-597,	doi:10.1016/j.eurpsy.2015.01.002.	Volpe,	U.,	Mucci,	A.,	Quarantelli,	M.,	Galderisi,	S.,	&	Maj,	M.	(2012).	Dorsolateral	prefrontal	cortex	volume	in	patients	with	deficit	or	nondeficit	schizophrenia.	Prog	Neuropsychopharmacol	Biol	Psychiatry,	37(2),	264-269,	doi:10.1016/j.pnpbp.2012.02.003.	Von	Der	Heide,	R.	J.,	Skipper,	L.	M.,	Klobusicky,	E.,	&	Olson,	I.	R.	(2013).	Dissecting	the	uncinate	fasciculus:	disorders,	controversies	and	a	hypothesis.	Brain,	
136(Pt	6),	1692-1707,	doi:10.1093/brain/awt094.	Wolf,	D.	H.,	Satterthwaite,	T.	D.,	Calkins,	M.	E.,	Ruparel,	K.,	Elliott,	M.	A.,	Hopson,	R.	D.,	et	al.	(2015).	Functional	neuroimaging	abnormalities	in	youth	with	psychosis	spectrum	symptoms.	JAMA	Psychiatry,	72(5),	456-465,	doi:10.1001/jamapsychiatry.2014.3169.	Wolf,	R.	C.,	Pujara,	M.	S.,	Motzkin,	J.	C.,	Newman,	J.	P.,	Kiehl,	K.	A.,	Decety,	J.,	et	al.	(2015).	Interpersonal	traits	of	psychopathy	linked	to	reduced	integrity	of	the	uncinate	fasciculus.	Hum	Brain	Mapp,	36(10),	4202-4209,	doi:10.1002/hbm.22911.	
111
World	Health	Organization,	W.	(2007).	International	Statistical	Classification	of	Diseases	and	Related	Health	Problems	10th	Revision.	Geneva:	World	Health	Organization	Press.	Yin,	H.,	Tully,	L.	M.,	Lincoln,	S.	H.,	&	Hooker,	C.	I.	(2015).	Adults	with	high	social	anhedonia	have	altered	neural	connectivity	with	ventral	lateral	prefrontal	cortex	when	processing	positive	social	signals.	Front	Hum	Neurosci,	9,	469,	doi:10.3389/fnhum.2015.00469.	Zhou,	Y.,	Liu,	J.,	Driesen,	N.,	Womer,	F.,	Chen,	K.,	Wang,	Y.,	et	al.	(2017).	White	Matter	Integrity	in	Genetic	High-Risk	Individuals	and	First-Episode	Schizophrenia	Patients:	Similarities	and	Disassociations.	2017,	3107845,	doi:10.1155/2017/3107845.		
112
	Chapter	6	
	
Discussion	
	
	
	
	
	
	
	
	
	
113
6.1	Major	findings	The	following	major	findings	were	demonstrated	in	the	published	studies	comprising	Chapter	2	to	5,	consistent	with	our	stated	hypotheses:		 i) A	medial	subgenual	stem	of	the	UF	was	demonstrated	using	diffusion	tensor	imaging,	connecting	BA25	to	the	amygdala	–	Chapter	2.		ii) Significant	inter-individual	variability	in	the	location	of	the	UF	stems	relative	to	BA25	was	demonstrated,	as	well	as	in	the	other	adjacent	white	matter	fibers	that	would	have	been	ablated	during	the	procedure	of	subcaudate	tractotomy	–	Chapter	3.	iii) In	patients	with	first-onset	and	chronic	depression,	reduced	integrity	was	demonstrated	in	the	subgenual	and	polar	stems	of	the	UF	with	relative	sparing	of	the	lateral	stem	–	Chapter	4.	iv) In	patients	with	first-onset	psychosis,	reduced	integrity	was	demonstrated	in	the	lateral	and	polar	stems	of	the	UF	with	relative	sparing	of	the	subgenual	stem	–	Chapter	5.	v) In	both	psychosis	and	depression	patients,	reduced	integrity	of	the	UF	was	demonstrated	at	the	initial	clinical	onset	of	the	disease	–	
Chapters	4	and	5.	
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	6.2	Implications	of	the	demonstration	of	a	subgenual	UF	stem	The	subgenual	stem	of	the	UF	fibers	demonstrated	in	our	study	presented	in	Chapter	2	extends	between	BA25	and	the	amygdala,	two	locations	heavily	implicated	in	depression	pathophysiology	(Mayberg	et	al.	1999;	Mayberg	et	al.	2000;	Bechara	et	al.	2000;	Mincic	2015;	Argyelan	et	al.	2016).	Given	the	anatomical	localization	of	cortical	changes	of	depression	to	the	ventro-medial	prefrontal	cortex	including	BA25,	the	demonstration	of	these	fibers	and	its	continuity	with	the	body	of	the	UF	provides	a	clearer	context	of	the	role	of	the	UF	in	depression.		Multiple	studies	have	demonstrated	reduced	integrity	of	the	UF	in	depression	(Bracht	et	al.	2015;	Cullen	et	al.	2010;	Korgaonkar	et	al.	2014;	LeWinn	et	al.	2014;	Choi	et	al.	2014);	however	our	studies	on	the	anatomy	of	the	subgenual	stem	(Chapter	2)	and	reduced	integrity	of	it	in	depressed	patients	(Chapter	4)	provide	evidence	of	an	anatomic	link	provided	by	fibers	of	the	UF	between	key	cortical	regions	involved	in	depression.			
6.3	The	amygdalo-cingulate	loop	in	depression	The	amygdala	plays	an	important	role	in	the	formation	of	pattern-based	stereotyped	emotional	outputs	via	its	connections	to	the	hypothalamus	and	from	there	to	the	brainstem	(Janak	and	Tye	2015).	The	central	nucleus	of	the	amygdala	is	responsible	for	output	signaling,	with	the	basolateral	nuclei	associated	with	inputs	from	multiple	white	matter	tracts	(Janak	and	Tye	2015;	Ghashghaei	et	al.	2007).	Ghashghaei	et	al.	(2007)	undertook	anatomical	tracer	studies	between	the	amygdala	and	prefrontal	cortices	in	macaque	monkeys,	and	demonstrated	that	the	anterior	cingulate	cortex	(corresponding	to	BA25	in	
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humans)	and	the	posterior	orbitofrontal	cortex	were	the	regions	of	the	prefrontal	cortex	with	the	most	dense	connections	to	the	amygdala,	and	that	the	anterior	cingulate	cortex	predominantly	sent	efferent	projections	to	the	amygdala,	while	receiving	far	fewer	afferent	projections	from	the	amygdala.	These	findings	suggest	that	communication	from	BA25	to	the	amygdala	is	predominantly	in	a	top-down	fashion	from	the	former	to	the	latter	(Barbas	et	al.	2003;	Ghashghaei	et	al.	2007).		The	main	association	white	matter	tract	connecting	BA25	and	the	amygdala	has	traditionally	been	reported	to	be	the	cingulum	bundle,	as	part	of	the	Papez	circuit	(Oishi	K	2011;	Mincic	2015).	In	our	study	(Chapter	2)	we	have	demonstrated	the	presence	of	the	subgenual	stem	of	the	UF	also	communicating	between	these	two	structures,	with	the	temporal	fibers	of	the	UF	predominantly	over	the	baso-lateral	aspect	of	the	amygdala	(input	centers).	Whilst	both	the	cingulum	bundle	and	the	UF	are	known	to	be	bi-directional	association	tracts	(Schmahmann	et	al.	2008;	Von	Der	Heide	et	al.	2013),	the	findings	of	Ghashghaei	et	al.	(2007)	described	above	indicate	these	fibers	are	predominantly	efferent	in	nature	from	BA25	towards	the	input	nuclei	of	the	amygdala.			In	essence	there	is	a	white	matter	loop,	with	directional	communication	predominantly	in	a	top-down	fashion,	between	BA25	and	the	amygdala	via	two	white	matter	tracts	–	the	subgenual	stem	of	the	UF	and	the	cingulum	bundle.	Stimulation	of	both	of	these	sets	of	fibers	has	been	associated	with	successful	treatment	responses	to	DBS	of	BA25	in	depression;	with	responders	consistently	having	these	fibers	stimulated	within	their	activation	volumes	in	contrast	to	non-
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responders	who	don’t	appear	to	have	these	fibers	consistently	activated	(Choi	et	al.	2015;	Crowell	et	al.	2015;	Riva-Posse	et	al.	2017;	Riva-Posse	et	al.	2014;	Johansen-Berg	et	al.	2008).	Of	interest,	Choi	et	al.	(2015)	in	their	study	of	on-table	behavioural	responses	to	best	electrode	contacts	during	DBS	procedures	for	depression	identified	that	best	contact	responses	had	activation	volumes	modulating	both	the	cingulum	bundle	and	the	uncinate	fasciculus.	Suboptimal	response	contacts	only	stimulated	the	cingulum	bundle.		In	addition,	the	use	of	subcaudate	tractotomy	(which	would	involve	the	subgenual	stem	of	the	UF	as	described	in	Chapter	3)	as	a	secondary	ablative	procedure	for	patients	with	treatment-resistant	depression	when	an	initial	dorsal	cingulotomy	(involving	the	cingulum	bundle)	has	not	resulted	in	sufficient	improvement,	with	associated	improved	response	rates	(Bourne	et	al.	2013;	Shields	et	al.	2008;	Yang	et	al.	2014;	Bridges	et	al.	1994;	Knight	1965),	also	suggests	that	both	circuits	play	a	role	in	depression	pathophysiology	and	treatment	response.	Evidence	from	DBS	and	ablation	studies	thus	indicate	important	roles	of	both	sets	of	amygdalo-cingulate	fibers	in	treatment	response	to	neuromodulation	for	depression.		
6.4	The	medio-lateral	prefrontal	spectrum	Cortical	volume	and	metabolism	studies	implicate	the	ventro-medial	prefrontal	cortex	(including	BA25)	in	mood	disorders	(Mayberg	et	al.	2000;	Mayberg	et	al.	1999;	Busatto	2013;	Mincic	2015),	and	the	lateral	prefrontal	cortex	in	the	negative	symptoms	of	psychotic	disorders	(Glahn	et	al.	2005;	Potkin	et	al.	2009;	Volpe	et	al.	2012).	Patients	with	mixed	features	of	psychotic	and	mood	disorders,	
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such	as	those	with	schizoaffective	disorder,	demonstrate	cortical	abnormalities	in	both	medial	and	lateral	prefrontal	cortical	regions	(Amann	et	al.	2016;	Correll	2011;	Landin-Romero	et	al.	2017;	Padmanabhan	et	al.	2015;	Peralta	and	Cuesta	2008;	Dazzan	et	al.	2012).		In	our	studies	outlined	in	Chapters	4	and	5,	we	demonstrate	using	stem-by-stem	analyses	with	DTI	that	the	subgenual	UF	fibers	extending	from	BA25	to	the	amygdala	have	reduced	integrity	in	patients	with	depression	and	the	lateral	UF	fibers	from	the	lateral	prefrontal	cortex	to	the	amygdala	have	reduced	integrity	in	patients	with	first-onset	psychosis	(without	significant	mood	disorder	features).	The	polar	stem	appears	involved	in	both	groups.	These	white	matter	changes	follow	the	same	anatomical	pattern	described	above	for	cortical	changes	between	mood	and	psychotic	disorders.	These	results	point	towards	a	possible	medio-lateral	continuum	within	the	prefrontal	cortex	and	its	white	matter,	with	more	medial	regions	concerned	with	mood	disorders,	more	lateral	regions	concerned	with	psychotic	disorders,	and	perhaps	diffuse	involvement	in	mixed-feature	patients.			
6.5	The	dorso-ventral	prefrontal	spectrum	A	dorso-ventral	continuum	should	also	be	considered	in	regards	to	function	in	the	prefrontal	cortex,	with	the	DLPFC	associated	with	executive	thinking	and	attention	(Eisenberg	and	Berman	2010;	Szczepanski	and	Knight	2014)	whilst	the	VLPFC	is	more	concerned	with	emotional	salience	and	regulation	(Szczepanski	and	Knight	2014;	Floden	et	al.	2008;	Kohn	et	al.	2014).	Similarly,	the	ventro-medial	prefrontal	cortex/BA25	are	associated	with	mood	regulation	(Mayberg	et	
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al.	1999;	Drevets	2007;	Drevets	et	al.	2008;	Preskorn	and	Drevets	2009),	whilst	the	dorso-medial	prefrontal	cortex	is	associated	with	executive	attention	and	decision-making	(Szczepanski	and	Knight	2014;	Botvinick	et	al.	2004).	The	anatomical	tracer	studies	of	Ghashghaei	et	al.	(2007)	also	support	the	concept	of	a	functional	dorso-ventral	continuum	from	executive	function	dorsally	to	emotional	regulation	ventrally,	where	the	prefrontal	inputs	to	the	amygdala	are	predominantly	from	the	ventral	prefrontal	cortex	(medial	>	lateral),	with	relatively	few	fibers	from	dorsal	cortex.	Given	the	central	role	of	the	amygdala	in	emotion	processing,	it	is	consistent	that	the	ventral	prefrontal	cortex	(concerned	with	emotional	regulation)	has	stronger	connections	to	the	amygdala	than	the	dorsal	prefrontal	cortex.			
6.6	Stem-by-stem	analysis:	A	new	approach	to	anatomical	localization	Numerous	studies	of	the	major	white	matter	tracts,	including	the	uncinate	fasciculus,	exist	throughout	the	literature	across	a	variety	of	psychiatric	and	neurological	disorders.		However,	the	isolation	and	selection	of	individual	stems	of	these	tracts	for	further	analysis	as	we	have	undertaken	in	our	studies	has	not	been	well	described.	To	the	best	of	our	knowledge,	our	studies	detailed	in	Chapter	2	to	5	are	the	first	to	analyze	the	different	prefrontal	stems	of	the	UF	separate	to	each	other,	both	in	normal	and	disease	states.	The	advantages	of	this	methodology	are	the	ability	to	detect	localized	or	subtle	changes	that	cannot	be	detected	when	assessing	the	whole	tract,	as	the	changes	are	diluted	by	masses	of	non-affected	fibers	(such	as	in	Chapter	4	where	we	demonstrated	reduced	integrity	in	the	cingulum	bundle	fibers	connecting	to	BA25	but	not	in	the	
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cingulum	bundle	as	a	whole).	In	addition,	assessment	for	localized	stem	changes	allows	for	assessment	of	anatomically	distinct	patterns	of	disease	involvement.			We	believe	that	this	methodology	could	be	repeated	in	studies	of	other	tracts	such	as	the	corpus	callosum,	superior	longitudinal	fasciculus,	or	cortico-spinal	tract	where	there	are	multiple	sub-components	connecting	different	regions	of	the	brain	with	a	variety	of	differing	functions.	Parcellation	of	the	major	white	matter	tracts	to	delineate	connectivity	between	different	cortical	and	subcortical	regions	has	been	previously	performed,	but	without	specific	analysis	of	the	quantitative	measures	of	fiber	integrity	(such	as	FA	or	mean	diffusivity)	within	various	stems	in	disease	states.			As	part	of	the	groundbreaking	Human	Connectome	Project,	the	cerebral	cortex	was	parcellated	into	180	distinct	cortical	regions	based	on	four	parameters:	functional	connectivity,	degree	of	myelination,	cortical	thickness,	and	cross-correlation	with	prior	parcellation	schemes	(Glasser	et	al.	2016).		This	cortical	parcellation	was	correlated	with	diffusion	spectrum	imaging	by	Baker	et	al.,	2018	to	create	a	detailed	connectomic	atlas	of	the	human	cerebrum	(Baker	et	al.	2018),	including	parcellation	of	the	major	white	major	tracts	(such	as	the	superior	longitudinal	fasciculus	and	uncinate	fasciculus)	based	on	the	connectivity	of	fibers	between	cortical	subregions	(Briggs	et	al.	2018;	Conner	et	al.	2018).	In	these	studies,	the	parcellation	was	limited	by	the	regions	of	interest	used	to	select	the	fiber	bundles	prior	to	subdivision.	As	such,	the	parcellation	of	the	uncinate	fasciculus	did	not	take	into	account	the	possibility	of	a	subgenual	
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stem,	as	the	region	of	interest	was	placed	too	rostral	to	include	the	subgenual	fibers	(Briggs	et	al.	2018).			
6.7	Limitations	of	the	studies	Whilst	the	limitations	specific	to	each	publication	are	described	within	Chapters	2	to	5,	there	are	some	common	limitations	across	all	of	the	studies.		Firstly,	all	four	studies	utilize	DTI	as	the	main	investigative	tool.	Despite	its	advantages,	DTI	is	an	indirect	method	of	white	matter	imaging,	using	probabilistic	techniques	based	on	water	molecule	diffusion	signaling	to	infer	white	matter	anatomy	(Basser	and	Pierpaoli	1996).	This	leaves	it	prone	to	artefacts	from	the	adjacent	skull	base,	CSF	pulsation,	patient	motion,	and	inherent	imperfections	in	the	magnetic	field	of	the	MRI	machine	(Mukherjee	et	al.	2008).	Findings	demonstrated	on	DTI	require	correlation	with	anatomical	tracer	studies	and	dissection	studies	in	order	to	validate	them.	Conversely	DTI	can	be	used	to	demonstrate	the	findings	of	tracer/dissection	studies	(which	usually	have	small	sample	sizes)	in	larger	and	living	samples.	We	have	incorporated	techniques	in	all	four	studies	to	attempt	minimization	of	artefactual	tract	formation	such	as	applying	minimum	tract	length	and	minimum	FA	value	filters.			Accuracy	of	DTI	is	limited	in	regions	of	the	brain	where	there	is	marked	heterogeneity	of	fiber	orientation	i.e.	crossing	fibers	(Tournier	et	al.	2011).	This	is	due	to	the	underlying	mathematical	calculation	of	the	diffusion	tensor	model,	where	the	diffusion-weighted	data	is	sampled	in	a	number	of	directions	to	
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determine	the	magnitude	and	direction	of	water	diffusion.	In	regions	where	fibers	are	crossing	in	multiple	directions,	the	identified	tracts	as	well	as	the	derived	scalar	values	(e.g.	FA)	become	less	accurate	because	of	competing	diffusion	measurements	in	different	directions	(Tournier	et	al.	2011;	Farquharson	et	al.	2013).		Fibers	that	curve	rapidly	are	also	impacted	by	this	limitation	due	to	fibers	travelling	in	multiple	directions	within	a	single	voxel.	These	limitations	apply	to	the	studies	included	in	this	thesis	as	the	subcaudate	and	perigenual	white	matter	contain	multiple	tracts	with	multiple	different	orientations	(e.g.	polar	vs	subgenual	stems	of	the	uncinate	fasciculus).	In	addition,	the	cingulum	bundle	has	significant	curvature	at	the	levels	of	the	genu	and	splenium	of	the	corpus	callosum.			The	use	of	native	rather	than	normalized	image	datasets	in	Chapters	3	to	5	increases	the	risk	of	inter-individual	error	formation	during	creation	of	the	regions	of	interest	(ROIs).	Whilst	we	have	provided	justification	for	our	use	of	native	data	(to	reduce	the	impact	of	error	formation	in	white	matter	architecture	and	location	resulting	from	spatial	transformation),	we	have	also	undertaken	steps	to	minimize	inter-individual	error	formation	during	ROI	creation.	Specifically,	the	ROI	formation	for	all	subjects	was	undertaken	by	the	same	researcher	(K	Bhatia)	to	remove	inter-observer	error;	adherence	to	a	strict	protocol	using	distinct	anatomical	boundaries	for	ROI	formation	helped	to	minimize	intra-observer	error.			Our	sample	sizes	are	moderate	compared	with	many	in	the	literature.	However,	these	findings	require	further	validation	in	much	larger	samples	(such	as	
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n=1000)	with	assessment	across	different	racial	and	ethnic	groups,	and	across	different	subtypes	of	psychiatric	disease.		
6.8	Future	directions	As	mentioned	above,	further	validation	of	our	findings	in	larger	sample	sizes	would	be	useful	to	ensure	applicability	and	reproducibility.			The	concept	we	have	raised	of	an	amygdalo-cingulate	loop	with	two	separate	but	symbiotic	white	matter	connections	from	BA25	to	the	amygdala	that	can	both	modulate	treatment	response	is	of	relevance	to	depression	pathophysiology	and	treatment.	This	hypothesis	could	be	tested	further	using	ablation	studies	of	these	tracts	in	non-human	primates,	as	well	as	correlation	with	lesion-based	studies	previously	undertaken	in	humans.	Similarly,	use	of	functional	imaging	such	as	functional	MRI	and	PET	would	be	useful	to	try	and	demonstrate	functional	connectivity	between	BA25	and	the	amygdala,	and	to	then	assess	the	result	of	disconnection	of	the	white	matter	fibers	upon	that	functional	linkage.		The	presence	of	these	two	different	white	matter	connection	between	BA25	and	the	amygdala	that	both	demonstrate	reduced	integrity	in	depression	could	potentially	be	of	use	as	an	imaging	biomarker	for	depression	(in	combination	with	hypermetabolism	of	BA25	cortex).	Any	single	biomarker	may	have	limited	specificity	for	diagnosis,	but	the	presence	of	multiple	co-existing	biomarkers	in	a	patient	would	strengthen	the	specificity	and	provide	greater	assurance	to	the	treating	doctor.	Taken	one	step	further,	young	patients	in	the	prodromal	phase	of	their	psychiatric	disease	where	they	may	have	subtle	but	non-diagnostic	
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features	of	mood	disorders,	psychotic	disorders,	or	both,	could	be	assessed	for	the	presence	or	absence	of	anatomically	distinct	biomarkers	to	guide	psychiatrists	as	to	the	best	treatment	pathway.	The	presence	of	imaging	biomarkers	may	potentially	also	play	a	role	in	predicting	treatment	response;	Argyelan	et	al.	(2016)	demonstrated	that	hypermetabolism	of	BA25	predicted	the	treatment	response	to	electro-convulsive	therapy	for	depression.	Such	imaging	biomarkers	would	help	in	removing	some	of	the	subjectivity	associated	with	the	current	methods	in	psychiatry	diagnosis	that	are	based	on	clinical	history	and	mental	state	examination.		The	recreation	of	our	stem-by-stem	methodology	in	patients	with	mixed	features	of	mood	and	psychotic	disorders	would	be	useful	to	further	test	our	hypothesis	of	a	medio-lateral	continuum.	Based	on	the	diffuse	prefrontal	cortical	changes	seen	in	schizoaffective	disorder,	it	would	be	reasonable	to	hypothesize	that	patients	with	mixed	features	would	have	diffuse	loss	of	integrity	across	all	three	prefrontal	stems	of	the	UF.		Ultimately,	if	our	findings	were	validated	in	larger	samples,	it	would	be	useful	to	incorporate	our	findings	into	treatment	approaches,	in	particular	neuromodulatory	approaches.	For	example,	our	demonstration	of	a	subgenual	stem	of	the	UF	that	has	reduced	integrity	in	depressed	patients	and	likely	corresponds	to	fibers	known	to	be	relevant	to	treatment	response	to	DBS	would	be	useful	for	future	targeting	with	DBS	or	non-invasive	neuromodulatory	approaches	such	as	MRI-guided	focused	ultrasound.	Given	that	subcaudate	tractotomy	is	offered	as	a	second-stage	procedure	when	cingulotomy	is	not	
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successful,	secondary	targeting	of	the	subgenual	stem	of	the	UF	could	be	tested	on	patients	who	are	non-responders	to	DBS	of	BA25.	Alternatively,	as	Riva-Posse	et	al.	(2017)	demonstrated	in	small	numbers,	an	anatomical	target	could	be	identified	on	an	individualized	basis	that	allows	for	stimulation	of	both	the	cingulum	bundle	and	the	subgenual	stem	of	the	UF.			Future	studies	would	also	benefit	from	the	use	of	more	advanced	DTI	techniques	designed	to	improve	accuracy	within	areas	of	crossing	and	curving	fibers.	Modern	techniques	that	help	to	overcome	these	limitations	include	diffusion	spectrum	imaging,	q-ball	imaging	incorporating	HARDI	(high-angular	resolution	diffusion	weighted	imaging)	techniques,	and	persistent	angular	structure	MRI	(Farquharson	et	al.	2013;	Tournier	et	al.	2011).	These	are	now	readily	available	on	modern	MRI	scanner	software	packages.	In	addition,	future	studies	should	undertake	imaging	with	higher	resolution	(e.g.	1mm3	voxels),	higher	b-values	(e.g.	2000-3000	s/mm2),	and	a	greater	number	of	gradient	directions	(e.g.	64	or	128	directional	imaging).								
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6.9	Conclusions	From	the	results	of	the	studies	outlined	in	Chapter	2	to	5,	I	draw	the	following	conclusions:		 i) A	medial	subgenual	prefrontal	stem	of	the	uncinate	fasciculus	can	be	consistently	demonstrated	travelling	between	the	subgenual	cingulate	gyrus	(Brodmann’s	Area	25)	and	the	amygdala.	ii) Significant	inter-individual	variability	exists	in	the	exact	locations	of	white	matter	tracts	deep	to	Brodmann’s	Area	25	(including	the	subgenual	stem	of	the	uncinate	fasciculus).	This	has	the	potential	to	impact	on	surgical	targeting	and	treatment	outcomes.	iii) Depression	patients	have	reduced	integrity	in	the	subgenual	and	polar	stems	of	the	uncinate	fasciculus,	with	relative	sparing	of	the	lateral	stem.	iv) First-onset	psychosis	patient	have	reduced	integrity	in	the	lateral	and	
polar	stems	of	the	uncinate	fasciculus,	with	relative	sparing	of	the	
subgenual	stem.	v) Reduced	integrity	in	stems	of	the	uncinate	fasciculus	exists	from	the	first	clinical	onset	of	depression	and	psychosis.	vi) White	matter	abnormalities	of	the	prefrontal	regions	appear	more	marked	medially	in	mood	disorders	and	more	marked	laterally	in	psychotic	disorders.				
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